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ABSTRACT

THE BEHAVIOR OF TCP AND ITS EXTENSIONS IN SPACE

BY

- RUHAI WANG

Doctor of Philosophy, Engineering
Specialization in Electrical Engineen'ng
New Mexico State University
Las Cruces, New Mexico, 2001

Dr. Stephen Horan, Chair

The performance of Transmission Control Protocol (TCP) in space has been
examined from the observations of simulation and experimental tests for several years
at National Aeronautics and Space Administration (NASA), Department of Defense
(DoD) and universities. At New Mexico State University (NMSU), we have been
qoncentrating on studying the performance of two protocrol‘r §uites: the file tra_r;sfer
protocol (fip) running over Transmission Control Protocol/Internet Protocol (TCP/IP)

stack and the file protocol (fp) running over the Space Communications Protocol

v



Standards (SCPS)-Transport Protocol (TP) developed under the Consultative
Committee for Space Data Systems (CCSDS) standards process. SCPS-TP is
considered to be TCP’s extensions for space communications.

This dissertation experimentally studies the behavior of TCP and SCPS-TP by
running the protocol suites over both the Space-to-Ground Link Simulator (SGLS)
test-bed and realistic satellite link. The study concentrates on comparing protocol
behavior by plotting the averaged file transfer times for different experimental
configurations and analyzing them using Statistical Analysis System (SAS) based
procedures. The effects of different link delays and various Bit-Error-Rates (BERs)
on each protocol performance are also studied and linear regression models are built
for experiments over SGLS test-bed to reflect the relationships between the file
transfer time and various transmission conditions.

The reéults from the test-bed show that protocols do not show performance
difference with a very small file (< 1Kbytes) for all configurations and protocols
perform differently with the increase of file size, BER and link delay for both
symmetric and asymmetric cl;mmel rates. Under this condition, Vegas congestion
control based SCPS-TP protocol (SCPS-Vegas) performs superiorly than Van
~Jacobson (VJ) congestion control based TCP and SCPS-VJ protocols. We also
concilrtrxde from fhe experiments over test-bed that the factors of file size, BER and link
delay and all their interactions Vcontribute significantly to protocol performance. The
results éver the satellite link show that all protocols don’t have significant

performance difference for 115,200 bps:115,200 bps channel rate and protocols show
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significant difference for all large files with higher channel rates. The experiments

¢ ¢ € CCC(

with error free and 120 ms delay also show that SCPS-VJ shows the highest

y

i
i

throughput in all cases and SCPS-Vegas shows the slowest throughput. Linearly

(

(

correlated file transfer time relationship between the test-bed and satellite link shows
.that SGLS test-bed works validly and it can be used to predict the relative
performance of protocols over realistic satellite link.

Additional work with higher BERs and longer delays over satellite link needs
to be done to study the effects of the BER and delay to the protocol performance over
satellite when satellite link is configured properly. This might also provide us data to
compare the protocol performance over test-bed and satellite link for configurations

with high BERs and longer delays to verify the above results.
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1 INTRODUCTION

The use of Internet-type protocols for space communications is no longer
considered a “new” topic of investigéﬁoﬁ. Research on the subject of Transmission
Control Protocol (TCP) in space has been conducted at National Aeronautics and
Space Administration (NASA), Department of Defense (DoD), contractor, and
university facilities for several years now. Much of the research has examined the
performance of TCP in space from observations of simulation and experimental test-
bed results [1], [2]. In [1], the study results of a comprehensive performance of TCP
protocdl improvements in the satellite environment over error free links under the
congestion loss option were presented. The Selective Acknowledgements (SACK) [3]
option of TCP was also examined by comparing with traditional TCP
implementations. In [2], sets of expei'iments were conducted using the Advanced
Communications Technology Satellite (ACTS) satellite and Internet emulators to
measure the performance of the TCP protocol running under long-delay networks.
The purpose of these studies was to identity a better TCP variant for use in long-delay

networks such as the satellite environment and to investigate the effect of latency on

—~3ggregated network utilization. Similar to [1] and [2], we evaluated the protocol

performance by analyzing the test résﬁlts from our test-bed and realistic satellite link.
Unlike [1] and [2], we have been concentrating on the performance of two protocol
suites: File Transfer Protocol (FTP), the application-layer protocol that>is running
over TCP, and File Protocol (FP), an application-layer protocol running over

Transport Protocol (TP) of the Space Communication Protocol Standards (SCPS) [4]



developed under the Consultative Committee for Space Data Systems (CCSDS)
standards process. Another difference is that both [1] anci [2] \;vere done for satellites
space, i.e., we consider satellites as regular Internet nodes. Our work has been
directed at evaluating the performance of the protocols in a small satellite
environment. We have developed a Space-to-Ground Link Simulator (SGLS) to
provide the simulation capabilities to test both protocol suites [5], [6], [7], [8]. The
satellite environment being simulated has one terminal at a ground station and the
other terminal at the space veﬁicle. The link can either be direct broadcast or through
a non-processing relay satellite such as the Tracking and Data Relay Satellite
(TDRS). |
The space environment poses a number of challenges to providing reliable,
end-to-end data communication with a user-specified level of service. Losses due to
Vtrermsmissirqnjqprs, large p{ggig?tjgn rdelays, constraingd l?andwidth, asymmgtric
link rates, and intermittent connectivity all conspire to severely limit the performance
~of TCP. The goal of the CCSDS SCP,S, ,SUi,t,e,’, rofr'rprriotocols is to overcome thgse space
channel problems and provide reliable data transport. The SCPS suite of protocols
contains four elements: SCPS File Protocol (SCPS-FP), SCPS transport protocol
(SCPS-TP), SCPS network protocol (SCPS-NP) and security protocol (SCPS-SP).
improving TCP performance in space environment [9]. A large number of tests [5],

[6], [7], [8] have been done to evaluate the performance difference between SCPS

) q:é: e qdqd
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and TCP/IP. All of the previous work was done over SGLS test-bed. These
experiments might not provide the accurate performance of protocols in realistic
satellite links due to the limitations of simulation approach and environment. In
particular, the experiment results may not be applicable to networks with significantly
different Bandwidth Delay Product (BDP).

This dissertation basically concentrates on studying the impacts of
environmental changes on TCP performance a1.1d the performance differences
between TCP SACK [10] and SCPS-TP over both the SGLS test-bed and satellite
lmk The goal of this study is to answer several basic questions, namely

(1) Is there an overall advantage of the SCPS protocol (SCPS-VJ or SCPS-
Vegas) for file transport over TCP/IP in our simulated low BDP satellite
channel? If there is an advantage, quantify it.

(2) Which congestion control option (V] based or Vegas) can be invoked to
improve protocol performance based on the performance comparison
between SCPS-VJ and SCPS-Vegas?

(3) How do link delays and BER affect protocol performance?

(4) Does the SGLS simulator provide a reasonable (to within a scaling factor

| and offset) approximation to the true satellite channel, i.e., is there a linear
translation between the two?

The above problems are specified in the form of hypotheses when we discuss

the experimental work in section 3.2.
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The rest of this dissertation is organized as follows. In Chapter 2, we describe i:

the congestion control and loss recovery algorithms in TCP Tahoe [11], TCP Reno =

, &
and TCP SACK, and TCP Vegas [12]. Chapter 2 also elaborates on the _

' b4
communication problems that TCP encountered in space environment and present A 4
TCP extensions to address these problems. Chapter 3 describes NMSU SGLS test- :
bed, the protocol software entities and the experimental procedures we use to conduct =

-
our experiments. Chapter 4 analyzes the behavior of both protocols over the SGLS —
test-bed by studying the averaged file transfer time of each file size for different A d
configurations. Chapter 5 studies the behavior of both protocols over the realistic =
satellite link. Chapter 6 summarizes the dissertation and provides the conclusions and
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the future work for our study. @
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2 TCP PROTOCOL AND ITS EXTENSIONS FOR SPACE

TCP has several variants. Academia and industry generally make new ones by
optimizing old ones based on experiénced problems. This chapter briefly describes
several of the most widely used variants of TCP. Based on the description, its
extensions for space communications are provided.
2.1  TCP Protocols

A significant amount of today’s Internet traffic, including World Wide Web
(WWW) (HTTP), file transfer (FTP), email (SMTP), and remote access (Telnet), is
carried over the modern TCP transport protocol. Actually, early TCP implementations
followed by a go-béck-n model using cumulative positive acknowledgments and
requiring a retransmission timer expiration to re-send lost data. These TCP versions
did little to minimize network congestion since the traffic congestion was not a
serious problem at that time. Along with the explosive growth of the Internet, a
variety of congestion avoidance schemes have been proposed to control network
congestion while maintaining good user throughput. In this dissertation, TCP Tahoe
refers to TCP with Slow Start Congestlon Avoidance, and Fast Retransmit
algonthms [1 1] first implemented in 4.3 BSD Tahoe TCP in 1988. TCP Reno refers
to TCP Tahoe with Fast Recovery implemented, first 1mplemented in 4.3 BSD Reno
TCP in 1990. TCP New Reno [13] is a modified version of TCP without SACK that
avoids some of the TCP Reno performance problems when multiple packets are
dropped from a window of data. TCP SACK refers to TCP Reno with SACK option

added. TCP Vegas refers to the congestion control algorithm originally developed at



the University of Arizona in the x-kernel protocol framework by Lawrence Brakmo
and Larry Peterson. The variants developed after TCP Tahoe can be categorized into
three approaches, to avoid the bandwidth waste caused by inefficient loss recovery, to
avoid the retransmission of successfully transmitted packets, and to avoid the periodic
packet loss caused by self-generated congestion [14]. TCP Reno and New Reno
belong to the first, SACK and Forward Acknowledgment (FACK) tlS] belongs to the
second, and TCP Vegas belongs to the third approach. Table 2.1 provides a summary

of the major TCP variants.

Table 2.1: Summary of TCP variants

Variant Major Algorithms Document | Performance Problem
- Bandwidth waste by
inefficient loss
recovery—Channel
TCP Slow Start RFC 2001 | tends to empty after
Congestion Avoidance .
Tahoe Fast Retransmit [10] Fast Retransmit and
needs Slow Start to re-
fill it after a single
packet loss.
Retransmission of
TCP TCP Tahoe REC 2001 succlissfully transm;tted
Reno + [10] packets when multiple
Fast Recovery packets are lost from
one window of data
Period packet loss
TCP Reno caused by self-
S'I‘;‘%I;( + RF([:32]01 8 generated network
SACK congestion (under
study)
TCP New Retransmission Unfaimess of
Vegas | New Congestion Avoidance [12] bandwidth sharing
& Modified Slow Start | (under study)
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In general, we consider all TCP Tahoe, TCP Reno and TCP SACK to be Van
Jacobson \A)) congestion—control»baséd TCPs since they were developed based on
three algorithfns, Slow Start, Congestion Avoidance and Fast Retransmit, originally

proposed by Van Jacobson in [11]. The widely used Tahoe, Reno and SACK, and

~ Vegas are described in the following sections. Then we will examine how the space

channel should interact with the protocols.
2.1.1 TCP Tahoe

TCP Tahoe added three new algorithms and refinements to -earlier
implementations. These three new algorithms are Slow Start, Congestion Avoidance,
and Fast Retransmit. The refinements include a modification to the Round-Trip Time
(RTT) estimate used to set retransmission timeout values.

Slow Start is the way to initiate data flow across a connection. In i)rinciple,
Slow Start operates by observing that the rate at which new packets should be

injected into the network is the rate at which the acknowledgments are returned by the

- other end [16]. Slow Start maintains two windows for each connection: the advertised

window, called awnd, and the congéstion windéw, called cwnd. The adverﬁsed
window is flow control imposed by the receiver while the congestion window is flow
control imposed by the transmitter. The former is related to the amount of available
buffer space at the receiver for this connection; the latter is based on the sender’s
assessrﬁent of perceived network congestion [10]. The sender starts by transmitting
one segment and waits for its ACK. When that ACK is received, the congestion

window is incremented from one to two, and two segments can be sent. When each of



those two segments is acknowledged, the congestion window is increased to four.
This provides an exponential growth in the window size if the ACKs are not delayed
by the receiver and provides an approximately exponential growth typically because

the receiver sends one ACK for every two segments that it receives. At some point

the gagagity of the link w111 ‘be reached, and an intermeﬂdrigtg router will start
discarding packets. This tells the sender that its congestion window has gotten too
large and the sender needs to slow down its transmission. At this point, the
Congestion Avoidance algorithm is used to deal with lost packets.

Congestion Avoidance adds another variable, slow start threshold window
size, called ssthresh, which is always set to half of the window size at the last packet
loss except that its initialized value is 65,535 bytes. We see ssthresh changes
depending on the window size at which a packet loss occurs. In the Slow Start phase,
cﬁnd starts growing from one and grows rapidly for every successfully acknowledged
packet until it reached ssthresh. In other words, it increases the window size to a
value no larger than half of the size at which the packets loss occurred last time. Then
TCP moves to the Congestion Avoidance phase and probes for extra bandwidth by
increasing cwnd by 1/cwnd each time an ACK is received. From the above, we see
Congestion Avoidance increases cwnd by at most one segment each RTT regardless
how many ACKs are received in this RTT while Slow Start increases cwnd by the
number of ACI;s”;rrecreived in a RTT. Thus, Congestion Avoidance is an additive

increase phase, compared to Slow Start’s exponential increase. Although Slow Start
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Vand Congestion Avoidance are independent algorithms with different objectives they
have always been implemented together in current implementations.

Congestion Avoidance increments the current window size until another loss
is detected. Congestion Avoidance assumes that packet loss caused by link error
damage is very small, therefore the loss of a packet signals congesﬁon somewhere in
the network between the source and the destination. There are two indications of
packet loss: a rétransmission timeout occurring and the receipt of duplicate ACKs. If
three or more duplicate ACKs are received for the same TCP segment, the transmitter
considers it as a strong indication that a segment following the acknowledged one has
not been received properly since the receiver has kept aclmowledging a particular one
instead of the next one the transmitter sent. In this case, the transmitter should
retransmit only one segment starting with the sequence number just acknowledged
without waiting for a retransmission timer to expire. This is how Fast Retransmit
works. This loss specifies the point at which another cycle begins, i.e., TCP needs to
go back to Slow Start and repeats the above cycle. Clearly, Fast Retransmit leads to
higher connection throughput and better channel utilization than that the transmitter
waiting for the retransmission timer expiring. The details of Slow Start, Congestion
Avoidance, and Fast Retransmit are described in [10] and [11].

Basically, if we call the current window size W and allow ssthresh to equal

W, then the behavior of TCP Tahoe can be simplified by updating parameters # and
W, as follows:

Set W=1 segment and W;;=65,536 bytes.



* For every acknowledgment that arrived at the transmitter: -
If W<W, running Slow Start algorithm with W=W+1.

If W2W,, running Congestion Avoidance with W=W+l/{-W_|.

» For a packet loss is detected:

W= W72, -

w=1.
2.1.2 TCP Reno

TCP Reno retains the enhancements incorporated into Tahoe but modifies the

Fast Retransmit algorithm to include another algorithm, Fast Recovery [11].
Continuing the data transfer situation in 2.1.1, if the Congestion Avoidance algorithm
is followed, instead of Slow Start, after the Fast Retransmit operation when a loss
occurs for TCP Tahoe, it is known as Fast Recovery. The reason for not using Slow
Start in this case is that the receipt of a number of duplicate acknowledgments tells

the transmitter not only a packet has been lost but also that the data can still flow on

the channel. Thus, the transmitter should not reduce the flow abruptly by stepping

into the Slow Start phase. This algorithm operates under the assumption that each
duplicate acknowledgment implies a single packet has left the transmission channel.
Clearly, Fast Recovery prevents the communications channel from tending to empty
after Fast Retransmit, thereby avoiding the need of Slow Start to re-fill it after a
single packet loss. With Fast Recovery, the transmitter is able to make an intelligent

estimate of the amount of outstanding data.
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The TCP Reno Fast Recovery algorithm is opﬁmized for the case of a single
packet loss out of the whole window data. This means the transmitter need retransmit
only one packet per RTT. This significantly improves the performance of TCP Tahoe
for a single loss case, but can suffer when multiple packets are lost out of a window
of data. But since single packet losé is considered to be the predominant loss in space,
the Fast Recovery algorithm is expected to work well over satellite link.

A simplified description for understanding the main idea of TCP Reno is
shown below. Similar to TCP Tahoe, it concentrates on updating two parameters,
current window size W and Slow Start threshold W, in different ways corresponding
to in different phases.

Set W=1 segment and W;,=65,536 bytes.

* For every nonrepeated acknowledgment that arrived at the transmitter, TCP

Reno operates in the same as TCP Tahoe

If W<Way, W=W+1 during Slow Start Phase

If W2W,,, W=Ww+1/ [-W-I during Congestion Avoidance Phase

"  When the duplicate acknowledgments exceed a threshold
1. Retransmit missing segment;
2. Set Wy= W/2 and let W=Wy,
3. Resume Congestion Avoidance using the new window size once
retransmission is gcl_qjovsflgdged.
* Upon retransmission timer expiration, enter the Slow Start algorithm and

operate as follows

1



Set Wy= W/2 and W=1.

A cycle is defined to represent the TCP evolution starting from the end of one
Congestion Avoidance phase to the end of the next. For a typical TCP Reno session,
each cycle begins when a loss is detected using duplicate acknowledgments. We also
see that Slow Start is not involved after an initial Slow Start transient since the
window size is already halved upon loss detection. If W is the window size at
which a loss occurs, each cycle begins at the window size of Wma/2. The algorithm
resumes probing for extra bandwidth in Congestion Avoidance mode until the
window size reaches W again, at which point a loss occurs and another cycle
begins with window size of Wpax/2. Wmax can also be considered as a generic notation
of window size at which Congestion Avoidance ends since the algorithm exits the
Congestion Avoidance phase when a loss occurs. W,y varies in time and its size
could be different in each cycle if the losses occurred are random, or could be
identical for losses occurred periodically.

TCP New Reno is actﬁally TCP Reno with a slight adjustment at the
transmitter that eliminate Reno’s wait for a retransmit timer for multiple losses case
[17]. -

213 TCPSACK

Noting the problem suffered by TCP Reno when multipler ibsses occur, TCP
SACK is desiéﬁe%l to overconia this prbblem by combining Reno with a selective
repeat retransmission policy [3]. In principle, the receiving TCP sends back SACK

packets informing the sender about all data packets that have been received
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successfully, so the sender need retransmit only the Vsegments that have actually been
lost.

TCP SACK enters the Fast Recovery phase as Reno does for duplicate
acknowledgments that arrived at the transmitter. The difference is that, during Fast
Recovery, SACK maintains another variable, pipe, that is used to estimate the number
of packets outstanding in the transmission channel. The sender only sends new or
rétransmitted data packets when pipe is less than the congestion window. The
variable pipe is incremented by one when the sender either sends a new packet or
retransmits an old packet. It is decremented by one when the sender receives a
dupliéaté ACK packet with a SA(:JiKrir)ﬁt’ibn reporting that new data has been received
by the receiver.

The use of pipe decouples the decision of when to send a packet from the
decision of which packet to send. A data structure called a scoreboard is maintained
at the sender and it remembers acknowlcdgmentsr from previous SACK options.
When the sender is allowed to send a packet, it retransmits the next packet from the
list of packets inferred to be missing at the receiver. If there are no such packets and
the receiver’s awnd is sufficient large, the sender transmits a new packet. The sender
leaves Fast Recovery phase when a recovery ACK is received acknowledging all data
that was outstanding when Fast Recovery was entered. The details of TCP SACK can
be referred to [3] and [18]. There is some empirical evidence in favor of the superior

performance of selective acknowledgment. Simple experiments [3] showed that

13



disabling the selective acknowledgment greatly increases the number of retransmitted
segments over a lossy, high-delay Internet link.
2.14 TCP Vegas
TCP Vegas is a congestion avoidance scheme designed to prevent the periodic
packet loss that occurs in other algorithms. It successfully reduces queuing and packet
loss, and thus reduces latency and increases overall throughput than Reno by
matching the sending rate to the rate at which packets are successfully being drained
by the network. |
Reno assumes that the loss of segments was due to congestion regardless of
what the causes really are, congestion, corruption, or link outages, and cuts the data
rate in half, and then gradually increases it until another loss situation occurs and
repeats this process until all data have been transmitted. Clearly, Reno has no
mechanisms to detect the incipient phases of congestion before losses occur and
hence cannot prevent such losses. On the contrary, TCP Vegas tries to sense incipient
congestion by observing the variations of RTT or the actual variations of throughput.
Since TCP Vegas infers the congestion window adjustment from such throughput
measurement, it may be able to slow down the data rate before the congestion induces
loss. Therefore, the VJ based congestion control method is “reactive,” as it waits to
know the available bandwidth at the cost of packet loss while TCP Vegas congestion
detection mechanism is “proactive” [19], [20]. The TCP Vegas congestion control
was chosen to be the default congestion control algorithm of SCPS-TP since it

facilitates differentiating between losses due to congestion and those due to
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corruption. But SCPS-TP’s congestion control algorithm can be set either to VJ
congestion control or to TCP Vegas by an application based on different assumptions
of the source of packet loss. In our experiments, SCPS protocol is simply called
SCPS-VJ or SCPS-Vegas depending on SCPS-TP’s congestion control algorithm is
set to VJ congestion control or to TCP Vegas. Although they are considered as two
protocols in this study, SCPS-VJ and SCPS-Vegas are actually the same protocol
running two different congestion control modes.

The following paragraphs explain in detail how TCP Vegas works differently
by adopting a new congestion detection and control mechanism based on [12]:

New Retransmission Mechaﬁism: For Reno congestion control, the RTT
estimate is not very accurate since it is estimated using a coarse-grained timer. This
coarse graxiﬁlarity influences both the accuracy of the estimate itself and the
frequency at which TCP checks to see if a segment should be timed out. As
mentioned in Section 2.1.1, there are two indications of packets loss: a timeout
occurring and the receipt of duplicate ACKs [16]. Reno needs to retransmit the
packets lost in the above situations. In comparison, the TCP Vegas congestion
control algorithm introduces three major modifications to Reno retransmission policy.
First, TCP Vegas measures the RTT for every ségment sent using a fine-grained
system clock and a timeout period for each segment that is computed using this more
accurate RTT estimate. For a duplicate acknowledgment situation, it checks to see
whether the timeout period has expired. If so, it retransmits the segment without

having to wait for three or more duplicate ACKs which is required for Reno to
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retransmit. lSecond, when the first or §¢c9nd non-duplicate ACK after a
retransmission is received, the TCP Vegas again checks for the expiration of the
timer. If it 1s expired, then retransmits the segment. This will catch any other
segments that may have been lost prior to the retransmission without waiting for a
duplicate ACK. Third, in case of multiple segmcir;rtmlross and more than one fast
retransmission, the congestion window needs to be reduced only for the first fast
retransmission. Any losses that occurred before the last window decrease were not
inferred as the network congestion for the current congestion window size, and
therefore, there is no further window size decrease. This modification is required
since the TCP Vegas needs to detect losses much earlier than Reno congestion control
algorithm.

o Cpn_gest_ion Avoidance Mechanism: As mentioned above, the TCP Reno
congestion detection and control algorithm use the loss of segments as a signal that
congestion isrocgtilrring in the network. It has no mechanism to detect the precursory
phases of congestion and to prevent losses of segments before it really happens.
Thus, it is “rgactive” or “passive.” In comparison, the TCP Vegas algorithm tries to
detect incipient congestion by comparing the estimated RTT to the expected RTT.
The congestion window is increased only if these two values are close. This implies
that the algorithm will increase the window size only if the capacity of the network is
large enough to achieve the expected high throughput (or the expected short RTT). If

the estimated RTT is considerably longer than the expected one, then the congestion
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window should be reduced. This can be considered as a sign of incipient congestion
occurring.

Modified Slow-Start Mechanism: TCP Reno has a high cost in terms of too
many segment losses if there is no an appropriate limit for the size of the congestion
window or if it has a very fast sender. Since the size of the congestion window is
doubled for every RTT before losses occur, which is equivalent to doubling the
attempted throughput every RTT, the loss of packets is expected to be on the order of
half the current congestion window at some point when the available bandwidth is
ﬁnally overrun, and even worse if a traffic burst from another connection is
encountered. Comparing with Reno algorithm, TCP Vegas algorithm incorporates a
similar congestion detection mechanism into the slow-start phase to determine when
to change to the congestion avoidance phase. In order to detect and avoid congestion
during the slow-start phase, the congestion window is allowed to grow exponentially
only for every other RTT. The congéstion window is fixed in between to have a valid
compaﬁson of the expected and the actual rate. When the actual rate falls below the
expected rate by the equivalent of one route buffer, Vegas changes'ﬁ'om exponential-
increasing Slow Start phase to linear-increasing Congestion Avoidance phase.

The reason to measure the actual rate with a fixed congestion window is that
we want actual rate to represent the bandwidth allowed by the connection. Thus, we
can only send as much as data as is acknowledged in the ACK (during Slow Start,

TCP Reno sends an extra segment for each ACK received). This modified Slow Start
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A mechamsgl 3s very successful at preventing the losses incurred during the initial Slow
Start period [12].

In [12], Brakmo claimed that TCP Vegas is able to achieve between 40 and
70% better throughput, with one-fifth to one-half the losses, as compared to the
implementation of TCP Reno. By decomposing the TCP Vegas algorithm into its
various mechanisms and assessing the effect of each of these mechanisms on
performance, [19] indicates that the above performance gains are achieved primarily
by the techniques used in Vegas for slow-start and congestion recovery. Its
congestion avoidance mechanism is shown to have only a minor influence on
throughput. Other work [ 14] shows tha}t Yegas does not concern the fairness among
source-destination pairs with different RTTs. The fairness sharing link resource is an
important network performance factor when multi-users access the network. It
nevertheless should be concerned, especially for a Wide Area Network (WAN).

Figure 2.1 shows the relationships between widely used TCP Tahoe, Reno and

SACK with respect to the transitions of Slow Start and Congestion Avoidance phases.

Congestion
TCP _
i i Point(W__. )
Window Congestion ax
Avoidance SAC
Reno
Slow Start
Threshold [ b
Time

Figure 2.1: Widely used TCP variants
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2.2  TCP Problems in Space

Satellite channels are dominated by two fundamental characteristics, noise and
bandwidth [24], thst impede reliable data communications. The following paragraphs
describe features related to the above two major characteristics. With the various
constraints of in-lab simulation, some festures 'descn'bed below could not be
simulated on our SGLS test-bed. In particular, we simulate a satellite link with a
relatively low Bandwidth-Delay Product (BDP) or capacity only.
2.2.1 High Transmission Errors

Transmission error rate caused by noise in space communication is much
higher than that on terrestrial networks. The Bit-Error-Rate (BER) for most space
channel is around 1E-6 to 1E-5 while the BER for widely used optical channel on the
ground is only about 1E-12. Many more packet losses occur due to higher
transmission error in space. TCP assumes that all packet losses were due to
congesfien regardless of what the causes really are, congestion, corruptien, or link
outages. This makes TCP activate its congestion control algorithm, reduces its
congesfion window, and ﬁnally, decreases vitrs ﬁ;foughput. We see TCP congestion
control schemes work well in dealing with congestion-induced loss, but results in
reduced throughput on noncongestioned, noissf liﬁks without providing any benefits
[9].
2.2.2 Asymmetric Channels

Communications channels between spacecraft and the ground are frequently

asymmetric in terms of both channel capacity and error characteristics [9]. In general,
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the return link bandwidth (from the spacecraft to the ground) is substantially larger
than the forward link bandwidth. The asymmetry is related to. the fact that the forward
link is generally used for commanding the spacecraft (not bulk data transfer) while
thé retﬁrn link is used to rﬂow the daté gér;erated at the satellite to the ground. The
high asymmetry of satellite link bandwidth is not a property shared by terrestrial
networks. This can limit TCP throughput even when high bandwidth link flows data
and lower bandwidth link can'ies‘ the acknowledgments. Following the principle of
TCP congestion control, the new data transmission rate is proportional to the
acknowledgment rate retumed by the receiver, so TCP perfprmance is limited by low
bandwidth of acknowledgment channel.
2.2.3 Overhead of TCP Protocol Header
Wireless channels tend to provide less available bandwidth than terrestrial
ﬁétv?orks. In space environment; this pfbblem is coupled with the constraint that
transmission power is limited and bit-efficiency is important in terms of the cost of
| transmiftiﬁé ars”well as in terrﬁs oflmk capacity.
The substantial bit overhead of TCP protocol header is not beneficial with

respect to the scarcity of available bandwidth in space. This is especially inefficient

when transmitting small data segments.

2.2.4 Large Bandwidth-Delay Product
Bandwidth-Delay Product (BDP) or the capacity of the pipe between the
transmitter and the receiver can be calculated as

Capacity (bits)=Bandwidth (bits/second) x RTT (second).
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BDP represents the amount of data in flight or the amount of data that would fill the
pipe. In other words, it defines the total unacknowledged data that can be injected into
the network to keep the pipeline full. It is actually the buffer space required at the
sender and receiver to achieve maximum throughput on the TCP connection over the
communication path. Long RTT makes BDP being very large. This requires TCP to
keep a large number of packets outstanding. This may not be a problem for a low
BDP satellite system like our simulator but is a problem on large satellite systems
since current TCP in terrestrial networks was not developed to work in a large BDP
environment.
2‘.2.5 Intermittent Connectivity and Variable RTT

Intermittent connectivity and the variable RTT of the space channel cause an
unstable flow of acknowledgments and inaécuracy' in determining the RTT. The
former makes TCP invoke its congestion control and retransmit packets frequently
and the latter causes unnecessary invocation of the Slow Start algorithm. Both effects
reduce the throughput.
2.3  TCP Extensions for VSpac’e Communications

This section briefly describes the proposed solutions that SCPS-TP attempts to
overcome the above problems in space with the iiﬂpfovements to TCP. Considering
the constraints of our simulation mentioned above, the advantages of some of the

following solutions could not be displayed in our experiments.
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2.3.1 Overcoming Losses from Different Sources

There ‘exist at least three sources of loss in space environment, network
congestion, cormption, and link outage. SCPS-TP responds to each of them
differently. SCPS-TP has two mechanisms for determining the source of packet loss.
Unlike TCP (default assumption is that all loss is caused by congestion), SCPS-TP
uses a parameter to set the default assumption of the source of packet loss on a per
route basis in the absence of any explicit information. Based on these different
assumptions, SCPS-TP’s congestion control algorithm can be set either to VJ
congestion control or to TCP Vegas by an application.
2.3.1.1 Congestion-Induced Loss

TCP Vegas is adopted to be the default congestion control mechanism in
SCPS-TP to minimize loss and facilitate the use of large window. Vegas does not
depend on the receiver window as an upper bound on the size of the congestion
window. It bounds itself and avoids network congestion without overdriving the link
to find the saturation péint. SCPS-TP modifies Slow Start algorithm by providing an
additional trigger for transitioning from the congestion window’s exponential growth
phase into the linear growth Congestion Avoidance phase.
2.3.1.2 Corruption-Induced Loss

In the case that the packet loss is caused by transmission errors instead of
congestion, SCPS-TP uses an ppen-loop, token bucket rate control mechanism [21] to
keep from overflowing the link capacity instead of invoking congestion control in

response to packet loss. Token bucket rate control mechanism meters out the
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transmissions at a speciﬁed rate. The allowed transmission rate for each link is a
managed parameter that is stored in the globally accessible routing structure at each
endpoint. On a host, the available capécity for a particular link is shared among all
SCPS-TP connections using that link.
2.3.1.3 Link Outage Loss

If a host running SCPS-TP receives a link outage signal from another SCPS-
TP host, the correct response is to enter persist mode, sending periodic probe packets.
It does not repeatedly time-out, retransmit, and back-off the retransmission timer.
2.3.2 Coping with Asymmetric Channels

The SCPS-TP receiver delays acknowledgments for a configurable period of
time that is related to its estimate of the RTT instead of acknowledging at least every
other segment or acknowledging immediately. SCPS-TP also uses header
compression to reduce significantly the overhead on the acknowledgment channel and
get higher acknowledgmént rates. This header compression is different from the
TCP/IP header compression scheme. See Section 2.3.3.1.
2.3.3 Relieving Bandwidth Constraints

Header Compression and Selective Negative Acknowledgment (SNACK) are
two mechanisms to improve: SCPS-TP performance in bandwidth-constrained
environment.
2.3.3.1 SCPS-TP Header Compression

SCPS-TP does not use RFC 1144 TCP/IP header compression [22] because

this header compression was designed for use on low-speed serial link and is
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performed on a hop-by-hop basis at the link layer. SCPS-TP uses a loss-tolerant TCP
header compression scheme that operates end-to-end, at the transport layer, and can
tolerate loss and chapging conngctiyvity.iBry operating end_-tq-end, SCPS-TP header
compression avoids the problems caused by changing connectivity, since transmitter
and receiver, where the compressor and decompressor reside, never change. But if
satellite telemetry is basically single-hop, then this should make no real performance
difference.
2.3.3.2 SCPS-TP SNACK

SCPS-TP SNACK option draws from both TCP SACK option and TCP
Negative Acknowledgment [23]. Like NAK, SNACK is a negative acknowledgment,
but it is capable of specifying rriultiple holes in the sequence space buffered by the
receiver in a bit-efficient manner. By providing more information about lost segments
more quickly, SNACK option can hasten recovery and prevent the sender form
becoming window -limited, thus allowing the pipe to drain while waiting to learn
about lost packets. The ability to keep transmitting in the presence of packet loss is
especially important when loss is caused by corruption rather than congestion. In this
case, SNACK 1is of particular benefit in keeping the pipe full and allowing
transmission to continue at full thrpttle while recovering from loss. In a low BER case
where the channel is mostly single packet loss, SNACK may not be very useful. The

details of SNACK can be found from [9].
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2.3.3.3 Other Techni(iues for Coping wfth 'Errorsr

Besides the above mechanisms, SCPS-TP also employs two other techniques
that TCP uses: Timestamps option and TCP Window Scaling option [24].

Many current TCP implementations with the time-stamp option disabled base
théir RTT measurements Vupon a saniple df only one packet per window. This_ method
of timing one segment per window yields an adequate approximation to RTT for
connections with low bandwidth-delay products, but results in an unacceptably poor
RTT estimate when the bandwidth-delay product of the network grows [24]. The TCP
Timestamp option lets the éender plaéé a”timestamp value in évery segment. This
helps TCP make accurate RTT estimates in the face of loss, when it can be difficult to
time the round-trip of particular segments that may be lost and subsequently
rgtrahsmitted in a “long, fat pipe” network (LFN) [25].

The 16 bit receiver window size of TCP header limits the largest window that
can be used to be 65,536 bytes. TCP performance problems arise with 65-Kbyte
receiver windows in an “LFN”. The Window Scaling option expands the TCP
window size from 16 to 32 bits to permit TCP to have more than 64 Kbytes of data
outstanding at one time. This was done simply by imposing an implicit scale factor on
the advertised window instead of changing TCP header size. Such a large window
will allows the sender to continuously send new data while retransmitting lostr
segments, even as the left edge of the window does not advance for periods of time.

In this dissertation, we compare the performance of SCPS-TP to that of

regular TCP. The comparison is done by running ftp over TCP/IP stack and SCPS-FP
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over SCPS-TP/IP stack on both the SGLS test-bed at the Center for Space Telemetry
and Telecommunications of NMSU and Telsat II satellite link operated by Loral
Skynet. SCPS-TP we tested comes with SCPS version SCPS_RI 1.1.48 provided by
MITRE. The implementation of TCP that we use is the defaultr TCP incorporated into
Red-Hat Linux 6.1(kemel version 2.2.12-20). Red-Hat Linux 6.1 TCP supports all the
following TCP algorithms implemented in TCP Tahoe, TCP Reno and TCP SACK as
mentioned in Section 2.1: Slow Start, Congestion Avoidance, Fast Retransmit, Fast
Recovery and SACK.

Based on the introduction of congestion control algorithms in TCP variants
and its extensions in space environment in this chapter, Chapter 3 describes the SGLS
test-bed, experimental assumptions, experimental procedures we use to conduct our
tests to compare the performance of TCP and SCPS-TP. The details of the protocol

configurations and test hypotheses for our experiments are also included.

26

C «

"
[

(

!
]

Qe CC(C(

4 € C

I
I

4 €

| € € ¢

Ll

(¢ Cdd¢(

¢ ¢

(¢d¢

|

]

« € ¢ q¢



ccccecceccccecccceccc

’
|

G GO S AN GO G O GO (A G A A G G A G (A G G N G G

'3 SGLS TEST-BED AND EXPERIMENT METHODOLOGIES

This chapter describes NMSU SGLS test-bed facility, the procedures and the
protocol entities we have used to conduct the experiments.
3.1  Tests over Simulated Test-bed
" The SGLS channel simulator is used to perfonﬁ the error generation and link
delay used to test the protocol suite performance. In the following subsections, we

introduce the simulator and discuss the experiment methodologies we have used to

conduct the tests.
Transmitter Buffer Satellite Link Receiver
=IO ’
T ACK Link

Figure 3.1: A typical satellite link model
3.1.1 Channel Simulator
A typical satellite link model is given in Figure 3.1. Basically it consists of the
transmitter, receiver, link buffer and satellite link. The Space-to-Ground Link
Simulator (SGLS) has been developed at NMSU to model space channel
characteristics expeﬁenced in transmitting data. The simulator is described fully in
[5], [6], and [7]. Basically, the SGLS configuration allows the user to configure the
simula"ted channel to
s Allow for simultaneous bi-directional data flow (forwai'd':and return channels),

» Allow user-selectable error rates and statistical descriptions of the channel,
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= Allow different data rates on the forward and return links as would be found
in satellite links, e.g. 2400 baud forward, 57,600 baudb return, and
= Provide for a simulated delay up to 5 seconds on each link.

The SGLS utilizes the LabVIEW programming language to control data
throughput through the simulator, mix the baseband data stream with the user-
selected error vector, and provide for the user-selectable link delay value. The
hardware configuration is illustrated in Figure 3.2. The LabVIEW software is run as
an application on each of the SGLS computers. Typically, the LabVIEW modules are
the only applications software running on the computers. This configuration was
developed to model point-to-point satellite links in its current configuration. The
‘- bandwidth-delay product for the system under a 57,600 bps symmetric link with no
imposed channel delay is 671 bytes. As a comparison, a T-1 line crossing the United
States has an estimated bandwidth delay product of 11,580 bytes. Therefore, this
simulator corresponds to a relatively low BDP system.

The three PCs in the SGLS are Dell 600-MHz computers with 128 Mbytes of
memory running Windows 98 second edition. The first Linux-based PC is a Dell 266
MHz computer. This is our logical ground station computer. The second Linux-
based PC is a Gateway 166 MHz. This is our logical satellite computer. Both Linux
computers are running Red Hat Linux version 6.1. The SGLS is connected to the
Linux computers using serial cables connected to the COM seljial ports on each
computer. The data connections are configured without hardware or software

handshaking to allow for a simulation that would be similar to interfacing with a
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satellite radio system. In all cases, the links between the SGLS and the Linux
computer were set to 57,600 bps (R2 in Figure 3.2). The simulations run with
symmetric links had the forward link (R1 in Figuré 3.2) also set to 57,600 bps. The
simulations run with asymmetric links had the forward link set to 2400 bps. Other

combinations are possible and the reader should refer to [8] for representative results.

LabView rate- LabView rate-
change computer change computer
R2
L

[t |
|
Linux-based PC R1
R1 R2
R2
R1 - forward link baud rate R2
R2 - return link baud rate =

Virtual circuit for
file transport over
a PPP link

Channel error-rate Linux-based PC

LabVIEW host computer

 Figure 3.2: SGLS hardware configuration

3.1.2 Experiment Tools Used in NMSU Test-bed

The expeﬁments run at NMSU benefit from several software tools for control

and analysis. The following subsections describe these tools.
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3.1.2.1 Expect Scripts to Automate Tests
Two Expect scripts were modified based on rhodels provided by MITRE.
They were developed to automate §CPS-FP and FTP tests in NMSU test-bed. They
basically achieve the following objectives:
* Automate file transfers and gather reported uansnﬁs§ion times for multiple
runs at different file sizes for both protocols in one experiment configuration;
= Capture traffic performance over Point-to-Point (PPP) interf@@@r each
connection for both protocols using existing tool t cpdump that is supplied
with Red Hat Linux; |
= Conduct tests above with various error rates under human intervention to set
the BER in the SGLS;
» Achieve all the above three objthives over different interfaces (e.g., Ethemet,

ATM) after trivial modifications.

- Tcpdump, teptrace and xplot are the major tools that have been used in NMSU
testbed to observe and analyze TCP/IP and SCPS performance. Each is described
below.

Tepdump is a packet capture program. Basically it prints out the headers of
packets over a network interface. In our test-bed, we have used it to dump the traffic
over PPP interface to obtain binary data files for both protocols. Those data files

) 7v§’797171717dm 7t7}71¢}17 brecqrmer the sources from whiph the p§?fonpance knowledge can be

obtained by cooperating with two tools. Tcpdump is supplied with the Red Hat
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distribution software and is alsoﬂpu'blrically available via anonymous ftp from
<fip://fip.ee.lbl.gov/tcpdump.tar.Z>.

prtrace is a TCP d{lmpiﬁlée'ahélysis tool. It, in géneral, tells us the detailed
information about TCP connection by sifting through dump ﬁ]es. It reads output
dumb !ﬁles in the formats of sevéfal popﬁiéf packets capturing programs: tcpdump,
snoop, etherpeek and others, and produce different types of performance graphs. See
Section 3.1.7 for more information.r -

“Xplot is a plot tool. In our system, it is used to plot various performance
graphs made using tcptrace. Xplot and tcptrace tools may be obtained from
<http://www.tcptrace.org/>.

3.1.3 Protocol Layers and Configurations

The following subsections discuss the protocols layers and configurations for
the tests done in our test-bed and satellite link.
3131 Pt-'ot;)col Software Enti{iiéisrﬁi o

The software used in these experiments is used “as is” from the suppliers
without ﬁny attempt to modify it. The oﬁly changes are to select options as described
in the experiments. It is felt that this would most closely resemble the situation used
by most system developers who are more coﬁcerned with satellite development than
attempting to fine tune software.

The operating system used on ;he sou.fce and destination data computers is

Red Hat Linux version 6.1. The kernel build is 2.2.12-20.
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The TCP/IP and data link layer PPP protocols are those that come with the
Red Hat installation software. Both are installed in the kernel without modification.
As mentioned in the end of Chapter 2, Red-Hat Linux 6.1 TCP supports all the
following TCP algorithms implemented in TCP Tahoe, TCP Reno and TCP SACK:
Slow Start,i(:ongestion Avoidance, Fast Ret;gnsmit, Fast Recovery and SACK.

The SCPS protocol suite is based upon the software provided by MITRE. All
tests used to analyze the performance of SCPS-TP in this eﬁ’ort were conducted with
version 1.1.48 of the SCPS RI software. Most of the previous work [8] was done with
earlier version SCPS RI 1.1.34.
3.1.3.2 SCPS and TCP/IP Protocol Layers

As an application process, the SCPS Reference Implementation (RI) operates
outside the Unix/Linux kernel. It uses the kernel’s socket interface to bypass the
transport and network protocols in the kemel and provide access to the network
interfaces. To allow flexibility in the development and execution of SCPS-based
applications, the SCPS Réference Implementation may operate over many different

types of protocols and encapsulation mecharlisms. This can be one by rgerifici)pping
different configuration actions according to the users’ needs before building @c SCPS
RI. Figure 3.3 illustrates the entire SCPS protocol stack and shows the vaﬁous
configuration options at the different layers in the SCPS protocol suite. The
application layer FTP runs over TCP and the application layer SCPS-FP runs over
SCPS-TP which is the extended version of TCP. Both TCP and SCPS-TP run over

network layer protocol IP running over either PPP or Ethernet data link. For our
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experiments over SGLS test-bed, the protocol suites we test are: FTP/TCP/IP/PPP for
TCP/TP and SCPS-FP/SCPS-TP/IP/PPP for SCPS; and for the experiments over
satellite link, the protocol suites are: FTP/TCP/IP/Etheniet for TCP/IP and SCPS-

FP/SCPS-TP/IP/Ethernet for SCPS.

A pplication { ayer

T ransport L ayer

Security L ayer

Nl ctwork | ayer

Dota Link l ayer

Physical Channel

Figure 3.3: Protocol layers of SCPS and software entities

3.1.3.3 Protocol Configurations

| This section briefly describes how congestion control options, header
compression, timestamp option, window scaling option and acknowledgment options
are configured with both protocols in our experiments.
Congestion Control

As mentioned, TCP/IP protocol suite is tested with the implementation of

default TCP incorporated into Red-Hat Linux 6.1. This implementation is considered
to use VJ based congestion control algorithms that were discussed in detail in Section
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ZISCPS protocol suiteﬁ 1s E?St,gq,With both VJ and Vegas based congestion control
modes that correspond to SCPS-VJ and SCPS-Vegas variants of SCPS
implementation. The details of this issue are providec} in [6], [71, [8] and will also be
discussed more in Section 3.2.1.

Header Compression

During our experiments, we were careful to ensure that we compared SCPS
and Linux's TCP implementation in as fair a manner as possible. One thing that we
did not anticipate was that when the simulator was configured to have a very low
speed acknowledgment channel, the pféseﬁce or absence of TCP header compression
greatly affected performance.

Our original tests (with TCP headcr compression enabled) showed great
disparities in performance between ftp (using TCP) and SCPS-FP (using SCPS-TP).
MITRE suggested that the difference was due to TCP header compression [22] in the
Linux PPP driver. Specifically, IP datagrams entering into PPP need go through a
compressor in the PPP driver. This compressor recognizes if the incoming packets
are of the TCP protocol type by checking an 8-bit value of the protocol field in the IP
header. Different Transport layer protocols, TCP, UDP, ICMP or IGMP all can send
data to the IP layer. IP adds this field to the IP header to have an IP protocol number
to recognize the protocol from which the data comes. IP protocol #6 indicates TCP, 1
is for ICMP, 2 is for IGMP and 17 is for UDP [16]. By default, the compressor in the
PPP driver cdmpresses TCP/IP headers (with IP protocol #6) from around 40 bytes

down to 3-5 bytes, but it does not recognize (and hence does not compress) SCPS-TP
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headers which are IP protocol #106 (and also about 40 bytes). To ensure that header
compression was indeed the source of the performance difference, we ran our tests for
ftp and SCPS-FP both with header compression turned ON and with it OFF. Running
with both SCPS-FP and TCP with header compression tumed OFF provided a fair

comparison of the two protocols.

SCPS-FP FTP
SCPS-TP TCP
protocol 106 protocol 6
1P
PPP Driver
(with or without VJ header compression of
protocol #6)
Media

Figure 3.4: Flow of packets over PPP for both protocols

Figure 3.4 illustrates the flow of packets using both SCPS-FP and fip. Note
that at the level of the PPP driver, both SCPS-TP and TCP packets are encapsulated
inside IP packets. The relevant difference is that TCP/IP packets contain an IP
protocol ID of 6 while SCPS-TP/IP packets contain an IP protocol ID of 106. The VJ
header compression machinery in the PPP driver operates ONLY on IP packets
whose protocol ID is 6. Thus SCPS-TP/IP packets transmitted over the PPP link are
always sent uncompressed. For TCP/IP packets, the PPP driver can be configured to

either use or bypass VJ compression.
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While we did not use it in our tests, it is worth noting that SCPS-TP can be
configured to use its own header compression that is fundaméntally different than the
standard Van Jacobson (VJ) header compression. While VJ header compression
operates on a link-by-link basié, compressing and re-expanding TCP headers each
time they are transmitted/received, SCPS-TP header compression operates end-to-
end. Also, V] header compression uses a method known as differential or delta
encoding, whereby changes to certain fields of the TCP header are communicated by
sending the difference between the current value and the last value sent. This method
depends on correct reception of the N™ TCP segment in order to correctly decompress
the (N+1)* segment. If a single TCP segment is lost, all subsequent segments will
fail to decompress until an uncompressed segment, typically a retransmission of the
first segment lost is sent, and are lost. This means that a single packet lost on a link
that is using header compression generally forces a retransmission timeout (RTO) in
order to recover.

Reducing the forty-byte packet header size to only three bytes greatly reduces
the interactive response time and increases the line efficiency. We should note that
the VJ header compression was especially made to improve TCP/IP performance over
low speed (300 bps to 19,200 bpé) serial links. In large bandwidth-delay product
networks with moderate to high error rates, we expected that VJ header compression
actually deqreaéé ihé i)erformance. SCPVS-T P header compression, by contrast, does

not use differential encoding. This results in a slightly lower compression ratio

(compressed SCPS-TP headers are typically slightly larger than VJ- compressed TCP
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headers) but increased robustness, as a single lost packet does not cause the loss of
subsequent packets. The single lost packet can then be recovered via standard means
(SNACK, fast retransmit, etc.) and the sending TCP will hopefully not have to hélve
its transmission rate. To fairly compare the two header compression schemes, we
would need to compare TCP/IP with VJ header compression and SCPS-TP with
header compression running over the SCPS network protocol, SCPS-NP. To date we
have not done this and it is left as future work.

In our previous work [8], only VJ header compression was disabled. Under
MITRE’s suggestions, three other types of PPP‘ compressions were also disabled for
the tests over the SGLS test-bed:

» deflate-This is the default bulk data encryption algorithm for serial links. It
requests that the peer compress ﬁaékets that it sends.

* bsdcomp-It is another bulk data encryption for serial links. It is used to
request that the peer compress packets that if sends using different compress
scheme.

» predictor]-Functions the same as the above two using different scheme.

The test results over the SGLS test-bed used for our analysis in this
dissertation were obtained by disabling VJ header compression and the above three
PPP compressions. For the test results and analysis of the impacts of VJ header
compression on protocol performance, see [8]. The impacts of deflate, bsdcomp, and

predictorl compressions have not been analyzed in detail.
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Timestamps
Earlier TCP implementations with the time stamps option disabled base their
7 Round Trip Time (RTT) ‘measurements upon a sargple of only one packet per
window. This method of timing one segment per window yields an adequate
approximation to the RTT for qonnections with low bandwidth-delay products, but
results in an unacceptably poor RTT estimate when the bandwidth-delay product of
the network grows [24]. The TCP timestamp option lets the sender placé a timestamp
value in every segment. The receiver reflects this value in the acknowledgment and
allows the sender to calculate an RTT for “each received ACK,” which is used to
calculate a Retransmission TimeOut (RTO) value. In order to achieve high
performance and reliable operation in a “long, fat pipe” network (LFN), the most
current and accurate RTT and RTO estimates possible are necessary to adapt to
changing traffic conditions. The “correct” value of the RTO may change during the
course of a connection if the RTT changes significantly.

Both TCP and SCPS TP are symmetric protocols, which allow user data to be
sent m e_;'ﬁher dirgction on a single connectioniAiI’herefore timestamp always be sent
and echoed in both directions as per RFC 1323 Timestamps [24]. By default, the time
stamp options are enabled for both Red Hat Linux 6.1 (with kernel 2.2.12-20) built-in
TCP/IP and SCPS-TP.

‘In details, enabling or disabling the time stamp option will have the following

impacts:
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* Enabling the time stamp options adds an additional 12 bytes of overhead to
the TCP/IP and the TP/IP segment header of 40 bytes. In other words, for a
frame size of 1500 bytes over the PPP link in our system, thé default time
stamp being enabled reduces the available data size from (1500-40)=1460
bytes to (1500-52)=1448 bytes.

* Since the TCP and SCPS-TP time stamps work symmetrically, enabling them
also adds 12 5ytes to the TCP and TP header of every ACK. Since a “plain”
ACK (on a connection that is not using the time stamps option) is 40 bytes
long, the 12 bytes of time starhp make a coﬁsiderable difference on low-rate
acknoWledgment channels. For examprler, on the 2400-bps aélmowledgment
channel in our asymmetric tests, we can send a maximum of (2400/8)/40 = 7.5
'ACKS/second without time stamps while only (2400/8)/52 = 5.77
ACKS/second can be sent with a time stamp. We know both TCP and SCPS
TP are clocked protocols and they use the reception of acknowledgments as an
indication that the data has “left the network™ so more data can be sent.
Therefore, the rate at which the sender receives acknowledgments controls the
rate that new data can be sent out. Consequently, fewer acknowledgments per
time unit will decrease the amount of data that can be transmitted per unit
time.

* At the cost of reducing 12 bytes data for each packet and slowing down the

link acknowledgment process, more accurate and current RTT estimates can
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be achieved if the time stamps are enabled. This is the real significance of
enablipg time stamps.

Many 7percr>rpl€prefer enabling time stamps even at the extra overhead cost. In
non-perfect link conditions (i.e., variations in RTT, corruptions and congestion
losses), enabling time stamps may help more than hurt. Both TCP and SCPS-TP are
tested with timestamps enabled by default for the experiments in this dissertation. The
test results for SCPS-TP with timestamps disabled and a detailed description of the
impact of timestamp on TCP and SCPS-TP are contained in [6], [7] and [8].

Windoﬁ Scaling

The 16 bit receiver window size of TCP header limits the largest window that
can be used to be 65,536 bytes. TCP performance problems arise with 65 Kbytes
receiver window in an “LFN” [25]. The Window Scaling option {24] expands the
TCP window size from 16 to 32 bits to permit TCP have more than 64 Kbytes of data
outstanding at one time. This was simply done by imposing an implicit scale factor to
the advertised window instead of changringw ’fCP Vheader size [16]. This option can
increase the maximum outstanding data by powers of two, up to 2'3, The Window
Scaling options are enabled for both Red Hat Linux 6.1 built-in TCP/IP and SCPS-TP
for which the FTP and FP run over individually.

Since SYN segments are always sent reliably, both the sender and the receiver

must send the Window Scaling option in their SYN segments to enable window

scaling. The passive open end can send the option only if the incoming SYN specifies
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it. The scale factor can be different in each direction but should be fixed in each
direction when the connection is established.

This option is necessary to fill high Capacity packet satellite links that are
LFN’s [23]. Operating with a larger window is more beneficial in an environment in
which data loss is usually caﬁsed by link éomiption. This makes the sender keep

transmitting new data while recovering from packets losses. As one of the techniques

~ for coping with errors, SCPS-TP with the Window Scaling option enabled maintains

its throughput in the event of corruption-induced losses.

Similar to RFC 1323 ﬁmestamp option, RFC 1323 Window Scaling option,
by default, is enabled for both TCP and SCPS-TP for the experiments in this study.
The above strength of the Window Scaling capabilities is not shown up for both
protocols in our SGLS test-bed envirOmnepﬁ but is shown up in our large BDP
satellite environment. This is because the test-bed experiments were run over the slow
PPP serial link with the maximum rate 57,600 bps and the capacity of less than 670
bytes and the satellite link capacity is much larger than 65 Kbytes. This can be
verified from'tcptrace traffic statistic report that “adv wind scale” is ‘0’ in SYN
segments for test-bed experiments and is non-zero for satellite link tests. The details
of window scaling option can be found in [24].

3.1.4 Experiment Assumptions
We made several explicit as;umptions about the test configuration and

experiment methodology in the previous work. The experimental results we have
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used in this dissertation are also based on these assumptions. Here we discuss these
assumptions.
3.1.4.1 Number of Test Runs, File Order and File Size

As one of multiple comparison procedures, Fisher’s coﬁpﬁson procedure

[26] is known as the least significant difference. Based on a t-test, Fisher’s least
significant difference procedure determines that the difference 3}7—; is significant
if

2MS,

Yi—YilZ2t240-1) 'n—

In which, y_,.and ;j-are two sample averages of two treatment groups; a is the

-signiﬁcance level of the test; wl;ich is mostly deﬁned to be 0.05; MS, is a pooled
estimate of the common variance of the treatment groups; a is the number of
tféatnient groups, n is the number of observations Wiﬂxin each group and a(n;l) are
the degrees of freedom of MS,.

Based on our experience [5], [6], [7], [8], we expect MS, ~1sec’ and the

smallest significant mean difference which should be statistically detected is around 1

second, i.e., y_,—;j ~1 second. For our experiments over SGLS test-bed, we have a

= 24 configurations for each file within each protocol pair comparison (24=2 Protocol
x 2 Chahnel Rate x 3 BER x 2 Delay). Based on this description, if let a = 0.05, we

have
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Let’s assume we will need a very huge number of observations to detect the mean

difference of 1 second, by a t-test, this gives us

Lo.0s/2,24(m-1)>120 = 1.96.

121.96\/§
n

Solve it, we have n > 7.68. This indicates that any number which is greater than or

Therefore, we have

equal to 8 can be chosen to be the observation number for our experiments.
Based on the above analysis, let’s choose n = 16, which is sufficiently large to

statistically detect the significant mean difference of 1 second with Power = 95%.

~ Most satellite transfers can be thought of a single-attempt trial. The network would

have no memory of previous results or chance to optimize based on previous data
étreams. We consider 16 replicate observations will be representativé of these single-
shot attempts at data transfers.

In order to prevent systematic bias of file transfer time for each
conﬁgﬁrations, the data files with size of 1Kbytes, 10Kbytes, 100Kbytes and 1Mbytes
will also be arranged randomly for transmission instead of the order from smallest to
largest. In total, there will be 2304 (=144x16) runs for the experiment over SGLS
test-bed and 576 (=36x16) runs for the experiment over satellite link. The details are

provided in Section 3.2.
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To avoid cyclic effects associated with random error vector generation, actual
file sizes were taken as the prime number nearest the nominali size, as shown below:
1Kbytes > 997 bytes
10Kbyte 2> 10,007 bytes
100Kbyte - 100,003 bytes
1Mbyte 2> 1,000,003 bytes
3.1.4.2 SGLS Test Configuration
The SGLS test configuration can be thought of as a single point-to-point
_transmission between a ground station and a satellite. There is no external network
interaction. It is assumed that the important parameters for this investigation are
contained in this link and not in other ground links.
3.1.5 Experiment Procedures
The experiments conducted over SGLS test-bed were performed with the
same simulator configuration and software versions. The following subsections
discuss the test method and test result analysis techniques.
3.1.5.1 Test Method
As mentioned above, the Expect script files are used to configure and control
‘the simulation process. @ggically, the user configures the SGLS for the desired link
delay value and BER. The user can set the desired point-to-point link delay from 0 ms
through 5000 ms (5 scqonds) in our test-bed. The simulated link delays of 0 ms, 3 ms,
120 ms, and 1280 ms in our test-bed correspond to no delay, LEO satellite orbit, GEO

satellite orbit, and lunar orbit in realistic environment, If we consider using all the
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above four delays levels in our study, our experiment will have 2880 degrees of

freedom in the error term. This is a huge number of d.f. We know when an

_experiment has too many d.f. in its error term, it becomes overcritical. In this case,

differences of no practical significance will be found. Considering this effect, in this
study, we conducted the experiments with two practical delays of 120 ms and 1280
ms only. The BER can be selected from any of error free, 1E-6 and 1E-5. The Expect
script éontrols the selection of the file size,rthe number of transmission attempts, and
the congestion control mechanism.
3.1.5.2 Data Collection

The Expect scripts produce the transfer time data for each run. These
computer-generated data files are then analyzed for data throughput times after being
organized manually according to their different protqéol and configuration options.
3.1.5.3 Analysis Techniques |

We analyze the protocol reported transmission times bésed on the 16-run
averages for each experiment configuration. The file transfer time averages are
plotted and compared for interesting configurations using Excel spreadsheets. The
experimental data are conducted the Analysis of Variance (ANOVA) and the mean
comparisons using the Statistical Analysis System (SAS) based Tukey’s Honestly
Significant Difference (HSD) procedure [26], [27]. As a typical member of the
outside-in class of means separation techniques, Tukey’s HSD procedure is generally
used for comparing the pairs of treatments and determining which pairs of means are

different.
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Basically, Tukey’s HSD procedure uses a single critical difference

MS

9 0,0(n-1 s
a,a,a(n-1) n H

that is, two means ;,- and I are considered significantly different if

MS

£

ly i Vil 2 Yaaan-n n

where ¢ is thea-level critical value of a studentized range distribution of a

independent normal random variables with a(n-1) degrees of freedom, # is the equal

size of the experiment group and MS, is a pooled estimate of the common variance

of the treatment groups.

Both of Fisher’s least significant difference procedure used in Section 3.1.4.1
and Tukey’s HSD procedure are multiple comparison procedures belonging to the
“outside-in” class Vof means-separation techniques. Fish’s procedure is known as the

least significant difference and is based on a t-test while Tukey’s HSD utilizes the

studentized range ¢, Which is more conservative. The details of both

‘procedures can be found from [26] and [27].

Alternatively, the significant different pairs of means can also be determined
by finding the confidence interval around the mean difference. The confidence
interval may be more useful than significance tests in multiple comparisons.
Confidence intervals show the degree of uncertainty in each comparison in an easily
interpretable way; they make it easier to assess the practical significance of a

difference as well as the statistical significance. In our experiments, we determine the
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significant different pairs by finding the confidence interval around the difference in
the mean file transfer time value. The mean difference is considered to be significant

if the confidence interval does not include 0.
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In this dissertation, some of different performance graphs obtained using

network analysis tools are also used to support our analysis if necessary:

Time Sequence Graph—Time Sequence Graph shows the relationship
between the segments and the acknowledgments in terms of time.
Throughput Graph—It shows the average and instantaneous throughput of

the connection as a function of time.

Round Trip Time (RTT) Graph—RTT Gfapﬁ shows the round-trip times

for the ACKs as a function of time.

Outstanding Data Graph—If ého%ws the number of packets in flight in the
pipe at a particular time.

Segment Size Graph—Segment Size Graph displays how the size of
segments varies with respect to time.

The above graphs are obtained by using network analysis tools tcpdump,

(CCCCCCCeCeccecccccC

tcptrace and xplot. The above different graphs can prbvide us the detailed information
about each connection including the elapsed time, size of segments received and
transmitted, RTT, throughput and congestion window status. This gives us an view on
the relationships between the protocol performance and different network parameters,
which cannot be obtained using our previous approach by just comparingr the

averaged file transmission time [6], [7], [8].
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3.2 Experimental Work

As mentioned in Chapter 1, the following two sets of éxperiments are analyzed

in this dissertation:
1. Experiments over SGLS test-bed;
2. Experiments over satellite link.

3.2.1 Experiments over SGLS test-bed

Figure 3.5 outlines test factors and different levels of each factor for
experiments over SGLS test-bed. The test conditions include link delay, channel rate,
Bit-Error-Rate (BER) and transmission file size, which represent satellite orbit status,

channel operating mode, space channel noise and user transmission load individually.

F;,@O bps: 57,600 bps 57,600 bps: 2400 bps
| (SYM) USYM)

0 1E-6 1E-5

Figure 3.5: Outline showing test factors and different levels of each factor for
experiment over SGLS test-bed

48

QCUUECUUaaUCU (AU UaaCUUCaaaEaCaaqeCcCC



ceegeececccccccccceeccccececcccccceC

"
1

C CCCCcC(

The joint of different levels of the above test factors is expected to simulate a
sufficiently practical and low BDP 'space communication environment in which the
basic behavior of the protocols can be characterized so that basic questions listed in
Chapter 1 can be addressed. By comparing protocol performance between TCP/IP
and SCPS and between SCPS-VJ and SCPS-Vegas, we expect to answer the first two
questions. By studying the effects of different levels of link delay and the effects of
various BER, we expect to address question (3).

From Figure 3.5, we see there will be 144 (=3 Protocol x 2 Delay x 2 Channel

Rate x 3 BER x 4 File Size) test configurations for the experiment over SGLS test-

bed. Basically, the following three sets of analyses will be done to explore the
behavior of protocols by plotting the rela;tionships between the averaged file transfer
time (over 16 observations) and the file sizes (1Kbytes, 10Kbytes, 100Kbytes and
IMbytes). Both the time and the file size are converted into logarithm for an explicit
comparison. |
(1) Plot and analyze the relationships between the averaged file transfer time
and the file sizes for the three protocol options (TCP/IP, SCPS-VJ and
SCPS-Vegas) for each of 12 (=2 Channel Rate x 3 BER x 2 Delay) test
treatments. So this set incllﬁjdesr 12 plots in total.
(2) Plot and analyze the relationships between the averaged ﬁlé transfer time,

the file size for both delay options of- 120 ms and 1280 ms with individual
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BER for each of TCP/IP, SCPS-VJ and SCPS-Vegas. This includes in
~ total 18 (=3 Protocol x 2 Channel Rate x 3 BER) plots.

(3) Plot and analyze the relationsh‘i;_)_gbetween the averaged file transfer time

and the file sizes for all three BERs with each of two delays for each of
TCP/IP, SCPS-VJ and SCPS-Vegas. This will have 12 (=3 Protocol x 2
Channel Rate x 2 Delay) plots.

For the above three sets of analyses, set (1) is intended as a straight
comparison of the performance of TCP/IP with SCPS and to compare the
performance between two control modes of SCPS itself under the identical
transmission conditions. Analysis set (2) iswintended to investigate how each protocol
behaves differently when a much longer link delay is involved with the increase of
the file size under different combination of channel rates and BERs. The objective for
above analysis set (3) is to explore how each protocol behaves differently for
different BERs along with the change of the file size under different test conditions of
channel rate and delay.

For set (1), the experimental data will be ciassified into the following two sets
for protocol performance comparison using the SAS procedures:

(1) TCP/IP based data versus SCPS-V]J based data;

(2) SCPS-V] based data versus SQPS-Vegas based data.

The above classification is based on the relationship between the protocols
and two ppntrql rpodes of 7 SCPS protocol. Like stgndard Van Jacobson (VJ])

congestion control based TCP, SCPS-TP makes a default assumption regarding the
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source of loss in the absence of any éxplicit information. TCP’s default assumption is
that all loss is caused by congestion; however, SCPS-TP’s default parameter can be
set either to SCPS-VJ or to SCPS-Vegas by an application based on different
assumptions of the source of packet loss. In a realistic satellite environment, where
network bandWidth is primarilf managed on private links, link congestion is unlikély
and it is reasonable for SCPS-TP to assume by default that any loss is due to errors.
The congestion control philosophy for SCPS-V]J is the same as that for TCP which is
to assume that all data loss (regardless of bit error loss or link congestion loss) is
caused by the link congestion while the philosophy for SCPS-Vegas distinguishes the
loss caused by bit error and congestion. Another words, TCP and SCPS-VJ consider
the bit error loss as link congestion loss while SCPS-Vegas treats bit error just as bit
error. Based on the above different assumptions, for our experiments over SGLS test-
bed and realistic satellite link where the bit error dominates the data loss, VJ based
TCP and SCPS-VJ consider high BER caused data loss as congestion loss and thus
reduce the congestion window and further slow down the transmission while SCPS-
Vegas might keep its throughput unchanged in the .case of frequent data loss caused
by high BER. This will definitely affect the protocol performance. Based on the
above description, the comparison set (1) is intended to provide an intuitive
performance comparison between VJ based protocols TCP and SCPS under the same
assumption that all data loss is caused by congestion. The objective for the

comparison set (2) is to see how SCPS performs differently under the different
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assumptions that data loss is caused either by link congestion or by bit error
corruption; -

Based on different features implemented for each protocol described in
Chapter 2 and the above descriptiox; of test factors, Table 3.1 provides a qualitative
expectation ‘of space channel effects on three protocols. These effects on protocol
performance are studied in detail in Section 4.2 and Section 4.3.

Table 3.1: Expected qualitative effects of space channel conditions on protocols

TCP/IP SCPS-VJ SCPS-Vegas

Moderately

Sensitive Slightly Sensitive

Link Delay Highly Sensitive

Channel Moderately . e . -
Rate Sensitive Slightly Sensitive Slightly Sensitive

Bit-Error- . . Moderately . .
Rate Highly Sensitive Sensitive Slightly Sensitive

Corresponding to basic questions listed in Chapter 1 and the above three sets
of analyses, the following sets of null hypotheses may be tested using the HSD
procedure:

For analysis set (1):
‘Hypothesis Set 1: TCP/IP and SCPS-VJ have equal file transfer time means
for eagh of the same transmission conditions of link delay, BER and file size
with symmetric channel rate.-
Hypothesis Set 2: SCPS-VJ and SCPS-Vegas have equal file transfer time
means for each of the same transmission conditions of link delay, BER and

file size with symmetric channel rate.
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Hypothesis Set 3: TCP/IP and SCPS-VJ have equal file transfer time means
for each of the same transmission conditions of link delay, BER and file size
with asymmetric channel rate. |

Hypothesis Set 4: SCPS-VJ and SCPS-Vegas have equal file transfer time
meaﬁs for each of the same"fraﬁsmissioh conditions of link delay, BER and
file size with asymmetric channel rate.

The test results for the above hypotheses Set 1 and Set 2 can be found in

Section 4.1.1 and the results for Set 3 and Set 4 are in Section 4.1.2.

For analysis set (2):

Hypothesis Set 1: TCP/IP has equal file transfer time means with Delay=120
ms and Delay=1280 ms for each of the same transmission conditions of
channel rate, BER and file size.

Hypothesis Set 2: SCPS-VJ has equal file transfer time means with
Delay=120 ms and Delay=1280 ms for each of the same transmission
conditions of channel rate, BER and file size.

Hypothesis Set 3: SCPS-Vegas has equal file transfer time means with

Delay=120 ms and Delay=1280 ms for each of the same transmission

conditions of channel rate, BER and file size.

Sections 4.2.1, 4.2.2 and 4.2.3 provide the test results for each of the above

three sets of test hypotheses.
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For analysis set (3):

Hypothesis Set 1 TCP[IP has equal file transfer timé means with BER=0 and
BER=1E-6 for each of the same transmission conditions of channel rate, link
delay and file size.

Hypothesis Set 2: TCP/IP has equal file transfer time means with BER=1E-6
and BER=1E-5 for each of the same transmission conditions of channel rate,
link delay and file size.

Hypothesis Set 3: SCPS-VJ has equal file transfer time means with BER=0
and BER=1E-6 for each of the same transmission conditions of channel rate,
link delay and file size.

Hypothesis Set 4: SCPS-VJ has equal file transfer time means with BER=1E-
6 and BER=1E-5 for each of the same transmission conditions of channel rate,
link delay and file size.

Hypothesis Set 5: SCPS-Vegas has equal file transfer time means with
BER=0 and BER=1E-6 for each of the same transmission conditions of
~ channel rate, link delay and file size.

Hypothesis Set 6: SCPS-Vegas has equal file transfer time means with
BER=1E-6 ahdr BER=1E-5 for each of the same transmission conditions of
channel rate, link delay and file size.

Section 4.3.1 will provide the test results for Set 1 and Set 2; Section 4.3.2

will have results for Set 3 and Set 4 and Section 4.3.3 for Set 5 and Set 6.
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3.2.2 Experiments over Satellite Link

Figure 3.6 outlines test factors and different levels of each factor for
experiment over satellite link. Similar to the experihiénts over the SGLS test-bed, by
comparing protocol performance between TCP/IP and SCPS, we expect to answer
question (1) and question (2) listed in Chapter 1. We also expect to address question
(4) by comparing the protocol performance between SGLS test-bed and live satellite
link. Besides this, the tests over realistic satellite link are also expected to bring more
benefits: (1) Extending performance to cover large BDP region as well; (2) Improving

the SGLS test-bed based on the analysis of test results

| SCPS-Vegas

57,600 bps: 57,600 bps 4Mbps; 4Mbps | 4 Mbps: 57,600 bps

CCCCeCqeeCcccaacd

1000ﬁ

Figure 3.6: Outline showing test factors and different levels of each factor for
experiment over satellite link
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By comparing Figure 3.5 and Figure 3.6, we see there are three differences
between them:

(1) Tests over satellite link are done only with the delay of 120 ms;

(2) Tests over satellite link are done only with error free link;

?3) Ogly rate of 57,600 bps:57,600 bps is identical bgtween them.

All the above three differences are due to the restriction of available satellite
link conditions. Difference (1) is due to the fact that rthe available geostationary
satellite has the link delay fixed at 120 ms. For difference (2), the condition of
nonzero BERs could not be obtained although many efforts were made by both Naval
Research Lab (NRL) and Infinite Global Infrastructure (IGI) which both are our
experiment cooperators. Th§ tests,oycr,noﬁnzérxg BERs are left to be future work when
the conditions are available. For difference (3), the tests with rate of 4 Mbps:4 Mbps
and rate of 4 Mbps:57,600 bps are done t§ e;(tend the performance analyses to cover
large BDP region. With the rate of 57,600 bps:57,600 bps, we aim to validate the
SGLS test-bed performance by comparing the in-lab results with the actual satellite
' channel results under the conditions ofslowsy;nmet:nc channel rate. This is expected
to help us improve our SGLS tes;[-bed based on the comparison results. The proposed
tests with the rates of 57,600 bps:2400 bps and 4 Mbps:9600 bps could not be
conducted since the slowest satellite link rate available is around 57,600 bps.

From Figure 3.6, we see the experiment over satellite link will have 36 (=3

Protocol x 1 Delay x 3 Channel Rate x 1 BER x 4 File Size) configurations.
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Considering that the tests over satellite link are conducted under different conditions,
satellite channel results will be analyzed in the following two sets:

(1) I;lot and analyze the releﬂlﬁo'nisﬁipwbetween the avefaged file transfer time

and the file size for three protocol options (TCP/IP, SCPS-VJ and SCPS-
Vegas) for each of 3 (=3 Channel- Rate x 1 BER X | 71 Delay)
configurations.

(2) Plot and analyze the relationship between the averaged file transfer time

and the file size with rate of 57,600 bps:57,600 bps, BER=0 and delay of
120 ms for both SGLS test-bed and satellite link for each of 3 (=1 Channel
Rate x 3 Protocol x 1 BER x 1 Delay) configurations.

From the first way, we expect to see the performance differences among
different protocols under time same &Ans;ﬁiséion céndition over satéllife link. The
second way is intended to explore the performance differences and/or similarities
between SGLS rand satellite iink for eaﬁcizhi of three protocols and thus, torvé.lidate the
SGLS test-bed performance.

Similar to thé experiments over test-bed, the satellite linkr protocol
performance analysis set (1) will be done based on analyzing the following two sets
of relationships using the SAS based prc;cedure: |

(1) TCP/IP based data versus SCPS-V]J based data;

(2) SCPS-V] based data versus SCPS-Vegas based data.

The testable sets of null hypotheses corresponding to two sets of protocol

performance analyses are listed below:
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For analysis set (1): ~
Hypothesis Set 1: TCP/IP and SCPS-VJ have equal file transfer time means _
-
for each of three channel rates and each of four file sizes with BER=0 and -
Delay=120 ms. <
Hypothesis Set 2: SCPS-VJ and SCPS-Vegas have equal file transfer time hd
means for each of three channel rates and each of four file sizes with BER=0 .
and Delay=120 ms. ?
=
Section 5.1 will give the test results for the above two sets of test. -
For analysis set (2): %
Hypothesis Set 1: TCP/IP has equal file transfer time means for tests over =2
SGLS test-bed and satellite link with each of four file sizes, channel rate :
, : =
57,600 bps:57,600 bps, BER=0 and Delay=120 ms. <
Hypothesis Set 2: SCPS-V] has equal file transfer time means for tests over : |
S
SGLS test-bed and satellite link with each of four file sizes, channel rate v
57,600 bps:57,600 bps, BER=0 and Delay=120 ms. P
-
Hypothesis Set 3: SCPS-Vegas has equal file transfer time means for tests =
over SGLS test-bed and satellite link with each of four file sizes, channel rate S
57,600 bps:57,600 bps, BER=0 and Delay=120 ms. LS
The test results for the above three sets of test hypotheses are provided in =
Section 5.2. Lti |
Necessary analysis of variance is conducted to compare the protocol o
peiformance and analyze the effects of link delay and BER on each protocol %
-
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performance to test the above hypotheses. Additionally, linear regression models are
built for experiments over the SGLS test-bed to reflect the relationships between
protocols’ file transfer time and transmission conditions. Regression models are built
for the regression of logarithmic file transfer time on file size, delay, BER and their
interactions for each of joint conditions of protocol and channel rate. Those models
are built when we study the effects of BER on the protocol performance in Section
4.3. Linear regression models for the regression of satellite link time on SGLS test-
bed time are also built for the study of the protocol performance over satellite link in
Chapter 5. Building a conventional response surface for the experimental data may
not be successful. We know quadratic response surfaces are a multivariate Taylor
series expansion of the regression surface. Consequently, the methodology requires at
least three distinct values for each explanatory variable (this is a necessary condition
but is not sufficient by itself). Two quantitative explanatory variables in our
experiments, Bit-Error-Rate and Filé Size, having three distinct levels in which Bit-
Error-Rate contains 0, 1E-6 and 1E-5 and File-Sizes were nominally 1K, 10K, 100K
and IOCOK. As can be seen, the BER spans six orders of magnitude and the file size
span four orders of magnitude. An experimental region of this size may create serious
problems for polynomial approximation. These problems will show up in the formal
lack-of-fit test: the tests statistic is enormous. In this case, the response surface may
come nowhere near the observed means for most combinations observed. This can be

understood from the way that the data indicate that a 2-order polynomial surface
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cannot bend itself into the required shape and thus, reasonable response surfaces
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cannot be built for the analysis.

Chapter 4 and Chapter 5 present the detailed analysis of the experiment over
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the SGLS test-bed and the experiment over satellite link respectively.
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4 BEHAVIOR OF TCP/IP AND SCPS OVER THE SGLS TEST-BED

This chapter analyzes the behavior of TCP and SCPS (SCPS-VJ and SCPS-
Vegas) running different congestion control modes over the SGLS test-bed by
plotting the averaged file transfer time of each file size for different experiment runs.
As mentioned in Section 3.2.1, the following three sets of plots will be examined:

'(1) Plot the relationships between the averaged file transfer time and the file
sizes for the thre¢ protocol options (TCP/IP, SCPS-YJ and SCPS-Vegas)
for each of the twelve test configurations.

(2) Plot the relationships_ betweg_p the averaged file transfer time, the file size
for both delay options of 120 ms and 1280 ms with individual BER for
each of TCP/IP, SCPS-VJ and SCPS-Vegas control options.

(3) Plot the relationships between the averaged file transfer time, and the file
size for all three BERs with each of two delays for each of TCP/IP, SCPS-
VJ and SCPS-Vegas.

Set (1) is intended as a straight comparison of the performance of TCP/IP with

" SCPS and to compare the performance between two control modes of SCPS itself

under the identical transmission conditions. Analysis set (2) is intended to investigate
how each protocol behaves different]y »\V(hen’fawlpuch longelf link delgy is inyolved
with the increase of the file size under diﬁ'ereﬁt combination of ‘channel rates and
BERs. The objective for above analysis set (3) is to explore how each protocol
behaves differently for different BERs along with the change of the file size under

different test conditions of channel rate and delay.
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When we study the BER effects on protocol performance in set (3), linear
regression models for the regression of file transfer tinie on the tfansmission
conditions are also built to reflect the relationshipé between the response time and
experimental factors in our experiments.

| The above three sets of plgots. are intended to conipare the performance of
TCP/IP and SCPS and to investigate the effects of delay and BERs on the protocol
perfonhance. Whe;n we exéuhihe the abbve fhreé rsetms”éf plots, the méén comparison
using the SAS based HSD procedure is also provided in the form of a table. Each
comparison table contains corresponding file size, mean times for each comparison
pair, mean difference in seconds, 95% confidence interval and mean difference in
percentage. The mean difference is considered to be statistically significant if the
confidence interval does not include 0. Comparisons significant at the experiment
wise error rate 0.05 level are indicated by “*” following confidence limits. The mean
difference in péfcéntage is calculated only for each pair which has statistically
significant difference. The performance comparison tables are used to support our
aﬁélﬁes of plotsby Vpro{ridiﬂgré quantltatlve difference and a qualitative result for
each mean comparison pair.

Sections 4.1, 4.2 and 4.3 concentrate on each of the above three sets of
analyses. 7The analysis will be pr'imariiy supported using the SAS based HSD
procedure. Aﬁpendices A, B and C provide the méa‘n and standard deviation of file
transfer time of 16 observations for each experimental run, which are used for the

above ﬂéts.
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4.1 Comparing the Performance of TCP and SCPS

The goal of the performance comparison between protocols is to see which
protocol has better performance under various transmission conditions. As mentioned
in Chapter 3, based on the relationship between the protocols and the relationship
between two control modes of SCPS protocol, the analysis using SAS based HSD
procedure will be done for each of the following protocol comparison sets:

(1) TCP/IP versus SCPS-VJ;

(2) SCPS-V7 versus SCPS-Vegas.

Each of the above two comparison sets has 24 configurations (=2 Protocol x 2
Chanhel Rate; x 3 BER x 2 Delay) for each file size. The number of observations is
384 (=16 x 24) since there are 16 observations for each treatment. Two sets of
comparisons will be done for each of two protocol comparison sets based on different
channel rates: symmetric rate (115,200 bps:115,200 bps) and asymmetric rate
(115,200 bps:2400 bps). Each set of clvﬁparison will be madé for each BER with
delays of 120 ms and 1280 ms.

4.1.1 Comparison with Symmetric Channel Rate of 115,200 bps:115,200 bps

The simulated channel rate of 115,200 bpsﬁl 15,200 bps over test-bed is
considered to simulate slow symmetric satellite channel.
4.1.1.1 BER=0

Tests with BER=0 are expected to predict the protocol performance over error

free satellite link.
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Delay of 120 ms

The simulated channel delay of 120 ms is considered to correspond to GEO
satellite orbit. Figure 4.1 compares the transfer time of each file size for all TCP,
SCPS-VJ and SCPS-Vegas protocols with channel rate of 115,200 bps:115,200 bps,
BER=0 and Delay=120 ms. Note both file transfer time and the file size are plotted in
logarithm for an explicit comparison. The data table at the bottom contains the
averaged logarithm time for each of 12 combinations of the protocol and file size.

Table 4.1 provides the corresponding comparisons of means for two protocol
comparison sets using Tukey’s HSD procedure.

When we look at the plot in Figure 4.1, we see the means for all file size
among ;hree ptotqchls are bound together except for 1K file where TCP/IP takes a bit
more time than both SCPS-VJ and SCPS-Vegas do. The actual mean difference is
about 0.068 second (=0.145-(0.076+0.078)/2). Although there is a slight difference m
this case, the result of the comparison of means in Table 4.1 shows there is no
statistically significant difference for all eight pairs of means of four files between
three prqtoco!s. Thus, we may conclude that three prgﬁocols perform essentially the
same for the slow symmetric, error-free channel with 120 ms delay.

Delay of 120 ms

Figure 4.2 plots the file transfer time for all protocols with delay of 1280 ms.
From Figure 4.2, we see SCPS-Vegas jumps over both TCP/[P and SCPS-V]J at the
points 10K and 100K files while TCP/IP and SCPS-VIJ keep closely during the whole

course of four file transmission.
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The HSD procedure in Table 4.2 indicates ihat the only two points whose

means are significantly different: 10K and 100K points between SCPS-Vegas and

'SCPS-VIJ. Thls supports the observaﬁdﬂé in Figure 4.2.

By comparing the above two plots with BER=0, we may conclude for the

comparing the protocol performance over error free link:

There is no significant difference in the performance of the protocols for all
four file size with a delay of 120 ms. |

The increase of link delay time for 120 ms to 1280 ms does not affect the
relationship between three protocols for a very small file (1K) and a relatively
large file (1000K) but causes statistically significant differences for 10K and
100K files between SCPS-VJ and SCPS-Vegas. By checking all 16
observations for both SCPS-VJ and SCPS-Vegas, these differences were not
caused by particular exceptional runs. These differences actually come from
the fundamental behavior difference between VJ’s traditional Slow Start
mechanism and Vegas’s modified Slow Start mechanism. For the transmission
6f a small file suéh as IOK or IOOi(,mnrl;srt of the transmission work is done
during the initial Slow Start phase. As we discussed in Section 2.1.4, in order
td detect and prevent coﬁéestion occurring during Slow Start phase, Vegas
modifies traditional Slow Start from exponential growth of throughput for
every RTT to exponential growth for every other RTT. In between, the
congestion window stays fixed so a valid comparison of the expected rate and

actual rates can be made. When the actual rate falls below the expected rate by
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the equivalent of one router buffer, Vegas changes from exponentially
increasing Slow Start phasé to lineérly increasing Congestion Avoidance
phase. For transmitting a relative small file such as 10K or 100K, the slow
exponential growth of the congestion window only for .every other RTT
definitely decreases Vegas’s throughput. This is what we seec here for the
transfer of 10K and 100K files. When we have a very large file such as
1000K, most of the transmission is done during the Congestion Avoidance
phase. Vegas’s “proactive” Congestion Avoidance mechanism detects
incipient congestion and avojds packet losses and thus compensates earlier
slow rate transmission during Slow Start phase. This is what happens for
1000K where no statisticailr perfonﬁance difference can be seen. Although
there is 68.2% Mean Difference(%) for 10K and 21.1% Mean Difference(%)
for 100K, they may not be practically significant since bo_th the mean times
and the file sizes are actually very small. |

We might expect that, along the increase of the BER, Vegas might perform

better than SCPS-VJ for 1000K file while it will still perform behind for 10K

file with Mean Difference(%) getting smaller and smaller. This is because a

very high BER causes very frequent packet losses for SCPS-VJ (actually also

for TCP/IP since both run the same congestion control algorithms) and thus
reduces its throughput while Vegas’s modified mechanisms prevent those

losses and keep its consistent transmission.
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» The delay increase does not change the relationéhips between TCP/IP and
SCPS-V] and their performance keeps no statistical significantly difference.

» Based on the above observation, we may expeét fhét decreasing link delay to
around 3 ms (i.e., extending it to LEO link) would not make the protocol
performance ahd the performam;e relationship too much different since the
link delay difference between 3 ms to 120 ms is practically trivial compared
with frame clock out time.

4.1.1.2 BER=1E-6

The BER of 1E-6 is not expected to make serious data corruptidn and does not
cause too much retransmissions. Thus, the throughput is not expected to be decreased
seriously. This should be clearer for transmitting small files.

Delay of 120 ms
| Figure 4.3 displays the relationships among protocols with channel rate of
115,200 bps: 115,200 bps, BER=1E-6 and Delay=120 ms.

We note the relationships among protocols are very similar to that from the
comparison with BER=0 in Figure 4.1. An intuitive idea is that all three protocols
perform similarly. This can be verified by looking at the HSD procedure in Table 4.3,
which shows there is no pair haviﬁgrsi glﬁﬁ(;ant pefformance difference.

Delay of 1280 ms

Protocol relationship for delay of 1280 ms is plotted in Figure 4.4, which

shows that the relationship is similar to that in Figure 4.2 except that three protocols

have separation at tﬁe point of 1000K file.
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When we look at the comparison of means in Table 4.4, we see all three
protocols perform significantly different for 1000K file size with that SCPS-Vegas’s
time is the least and V’»I‘CP/IP’s is the most.

As we expected in Section 4.1.1.1, Vegas performs better than SCPS-VJ for
1000K file while it is still behind for 10K file with a smaller Mean Difference(%).
This phenomenon is expected to be clearer when the BER is increase to 1E-5. We
also realize that the variances in the file transfer times are getting larger with the
increase of BER from 0 to 1E-6.

Based on the above analyses for both delays, we may have the following
conclusions for the protocol comparison with BER of 1E-6:

* With the delay of 120 ms, the change from error free to BER=1E-6 does not
significantly change the performance of all protocols and their relationships,
and the protocols still perform similarly.

* The combinations of BER=1E-6 and Delay =1280 ms make all three protocols
perform significantly different each other for a large file 1000K with Mean
Djffg;ences(%) larger than 15%. We may consider that three protocols are
practically different for transmitting 1000K file with BER=1ER-6 and
Delay=1280 ms. This can be understood that the file of 1000 Kbytes is large

enough to lead the protocols into the steady state with the effects of error

corruption and longer link delay so that their performance difference is shown

up.
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4.1.1.3 BER=1E-5

BER=1E-5 is considered to be a relatively high error rate for ground internet
channels. But it is still within the spaée communication specifications of NASA.
Delay of 120 ms

Figure 4.5 plots the performance of three protocols for channel rate of 115,200
bps:115,200 bps, BER=1E-5 and Delay=120 ms. We see here all files averaged

transfer time are much longer than that in Figure 4.1 and Figure 4.3. But their

 relationship is still similar to previous two except that, for 1000K file, SCPS-Vegas

taking the least time performs significantly different from other rtwo which almost
have no performance difference. Table 4.5 supports our observation.
Delay of 1280 ms |

Figure 4.6 shows the situation when protocols are used to transmit file with
BER'—‘iE-S and Delay=1280 ms. Three protocols all perform differently each other
for relatively large files 100K and 1000K, especially for 1000K file between TCP/IP
and SCPS-Vegas. As we expected in Section 4.1.1.1, Vegas performs much better
than SCPS-VJ for 1000K (and 100K) file while it is still behind for 10K file but with
a smallest Mean Difference(%) 37.7% comparing with 58.9% and 68.2% for 1E-6
and error free as we saw. When we look at corresponding variances for both
BER=1E-6 and BER=1E-5 at the Appendices, we see all variances are getting larger

for both delays along with the increase of BER from 0 through 1E-6 to 1E-5.
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From Table 4.6 we see that, for 1000K file, there exists a 300 seconds
difference between SCPS-VJ and SCPS-Vegas and a 150 seconds difference between
SCPS-VJ and TCP/IP. Mean Differences(%) for 1000K are large so they should be
considered practically different. Since all Mean Differences among protocols are very
large so they should be considered really significantly different. Based on the above
analyses for symmetric channel rate, we found that a very long link delay and a very
high BER really degrade the protocol performance. This is reasonable and is also
expected. The results show that, under this transmission condition, TCP/IP performs
poorly and SCPS-Vegas has the best performance.

4.1.2 Comparison with Asymmetric Channel Rate of 115,200 bps:2400 bps
4.1.2.1 BER=0
Delay of 120 ms

Figure 4.7 plots the protocol performance for the channel rate of
115,200bps:2400 bps, BER=0 and Delay =120 ms. Comparing to the plot for
symmetric 1\'ate, BER=0 and Delay=120 ms in Figure 4.1, we see the averaged file
transfer time for all protocols seem to be longer for the corresponding files and
protocols are basically bound together. We can also see a bit separation of TCP/IP
from other two for 1K file and a little separation of SCPS-Vegas from other two for
10K file. These are not expected to indicate significant performance difference. This
can be verified by looking at the HSD procedure output in Table 4.7 which shows no

pairs being siéxiiﬁcantly different. We may conclude, for the simulated error free

geostatioanary satellite link, the change of uplink rate from 115,200 bps to 2400 bps
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decreases the protocol throughput but does not significantly change the relationship
among them.
Delay of 1280 ms

When the delay time is increased to 1280 ms, the statistically significant
differences are displayed in the peffonnance means for files 10K, 100K and 1000K as
shown in Figure 4.8, we see that SCPS-VI’s performance is statistically different
from other two around 10K and 100K file and is different from TCP/IP for 1000K file
where no difference showed from SCPS-Vegas. So the comparison conclusion is that
the performance means of SCPS-V:T have statistically significant difference from that
of TCP/IP for slow asymmetric channel with error free and delay of 1280 ms. Both
Mean Differences between TCP/IP and SCPS-V]J are large for 100K and 1000K files
while SCPS-Veggs and SCPS-V]J shows no significant differences. We may be seeing
real protocol differences between TCP/IP and SCPS-VJ and no differences between
SCPS-Vegas and SCPS-VI. Similar to symmetric channel rate, the performance
difference for 10K file between SCPS-Vegas and SCPS-VJ is caused by the
fundamental difference between two Slow Start mechanisms of VJ _and Vegas as
discussed in Section 4.1.1.1. We might also expect that, along the increase of the
BER, SCPS-Vegas will show the highest throughput for 1000K file and will perform
behind than SCPS-V]J for 10K file.

Table 4.8 shows the details of the comparison of means.
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4.1.2.2 BER=1E-6
Delay of 120 ms

Figure 4.9 shows the: 7protocol performance for channel rate of 115,200
bps:2400 bps, BER=1E-6 and Delay=120 ms. Similar to the plots for asymmetric
channel with BER=0 and Delay=120 ms in Figure .4.7, no difference can be seen
among the protocols. This tells us that asymmetric channel rate dominates the
performancé felationship among all protocols and the effects of low error rates and
120 ms delay are not as strong as asymmetric channel rate, even for all file size. The
corrgsponding HSﬁ procedure in Table 4.9 indicateé this.
Delay of 1280 ms

The protocol performance comparison relationship for the delay of 1280 ms is
shown in Figure 4.10 and Table 4.10. We see the relationship is very similar to that
for asymmetric channel with BER=0 and Delay=1280 ms. When the file size gets
larger, SCPS-Vegas tends to have better performance than others while the
performance means of SCPS-VJ are also significantly different from TCP/IP’s.
Similar to the case with BER=1E-6, we may see that three protocols show practical
performance differences for large files. The performance differences for 10K file and
1000K file betweéﬁ SCPS-Vegas: anci SCPS-VJ are as we expected earlier.
4.1.2.3 BER=1E-5
Delay of 120 ms _.

Figure 4.11 displays the protocol performance for asymmetric channel with

BER=1E-5 and Delay=120 ms. Basically, we see the lines are almost linear. This is
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very siniifar to the plot for éymmetric channel in Figure 4.5 with the difference that,
for 1000K file, all the protocols show significant performance difference for
asymnietric rate as shown in Table 4.11 and there is significance difference only
between TCP/IP and SCPS-V] for symmetric channel.
Delay of 1280 ms |

When the delay is increased to 1280 ms, we see a clear difference between all

protocols except for smallest 1K file as shown in Figure 4.12. We also see, as we

~ expected, SCPS-Vegas shows much better performance over SCPS-VJ for 1000K and

performs behind SCPS-V]J for 10K file.

The HSD procedure in Table 4.12 indicates that all file comparison pairs
except for 1K have significant difference. Comparing to Figure 4.6 where the
relationship for. symmetric rate is shoWn, we see when a relatively lafge file is
transmitted with a high error (1E-5) and a large delay (1280 ms), all protocols show
practically significant performance difference. This is clearer when the asymmetric
slow link is used. For both channel rates, along the file size increases, SCPS-Vegas
tends to have best performance and TCP/IP has the slowest throughput.

Conclusions

By summarizing the above comparison results between TCP and SCPS with
different delays and BERs under both symmetric and asymmetric channel rates. We
conclude that:

* Protocols do not show performance difference with a very small file (<

1Kbytes) for all configurations. For both symmetric and asymmetric channel

. 81



rates, protocols have no 7§§§?{§tically significant performance difference for
low BERs with geo-stationary orbit sétellite link delay.

~ Protocols show statistically and praétically significant performance difference
with the increase of file size, BER and link delay for both symmetric and
asymmetric channel rates and SCPS-Vegas and SCPS-VJ have better
performance than TCP/IP does and SCPS-Vegas tends to show the highest
throughput. So we reject all Hypotheses Set 1 to Hypotheses Set 4
corresponding to the analysis set (1) in Section 3.2.1. We conclude that
protocols do not have equal file transfer time means for each of the same
transmission conditions.

But we should note that the conclusion to reject all Hypotheses Set 1 through
Hypotheses Set 4 does not mean that protocols have significant different file
transfer time means for each of the same transmission conditions of link
delay, BER and file size with smgtriq channel rate. Th15 conclusionr
actually answers our first two basic questions listed in Chapter 1. |

The answer for question (1) is: There is an overall advantage of the SCPS-
Vegas protocol for file transport over TCP/IP in our simulated low BDP

‘satellite channel. The answer for question (2) is: Vegas congestion control

mode shows superior performance than VJ based congestion control

mechanism based on the p‘erformance comparison between SCPS-VJ and

SCPS-Vegas.
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4.2  Delay Effects on Protocol Performance
This section is to investigate how each protocol performs over the link with
different delay time and to st;dy how the delays affect the protocol performance.

Sections 4.2.1, 4.2.2 and 4.2.3 analyze the delay effects on the performance for each

protocol.

4.2.1 Delay Effects on TCP/IP Performance

Symmetric Channel Rate

Figures 4.13-4.15 plot the TCP/IP performance difference with respect to link
delay over symmetric channel with each of error rates 0, 1E-6 and 1E-5. By
comparing three plots, we see, for -_all BERs, the file transfer time show no big
differences for 1K and IOK files but show statistically significant differences for
larger files. Both Mean Differences between two delays are getting larger with the
increase of BER from error free to 1E-5. The corresponding HSD procedure in Table

4.13 verifies our observation and conclusion. This indicates that increasing of link

delay from 120 ms to 1280 ms significantly affects the TCP/IP performance and the

delay effect is becoming strongér along w1th the increase of BER. The above
observation can be understood from the following analyses:

v A small file of 1Kbytes or I:OKbytes which can just be wrapped iﬁto less than 10
packets and those limited number of packets are too few to show potential TCP/IP
performance. Although witﬁ the increase of delay and BER, tﬁe performance
difference still can not be shown up since the effects of link delay and BER on

few packets can not significantly affect the overall performance of TCP/IP.
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Figure 4.15: TCP/IP performance over symmetric channel with error rate 1E-5
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* But the situation is different for a much large file size (e.g. 100Kbytes or

IOOOKbytes) which needs many more packets to cbmplete the file transfer.
Along the increase of the packets number, the protocol enters into the
steady performance state, the effects of link delay and BER on a large
nu'r;lber of packets affecf the overall performance and thus TCP/IP
performance difference shows up.

The mean file transfer time difference gets largerrwitrh the increase of file
size, BER and link delay. This can be understood from the way that a
higher BER inserted, more packets corrupted. When more packets are
corrupted, two effects are occurred: (1) TCP/IP VJ congestion control
algorithm assumes that thercongestion occurs and reduces the congestion
window and thus slows down the transmission; (2) More retransmissions
occur. Effects (1) and (2) definitely cause the protocol to take more file
transm%ssion time.

The above analysis further implies that the facts of the file size, BER, link
délay and their interactions contribute more significantly to the variance of

the protocol performance than other factors do.

Asymmetric Channel Rate
Figures 4.16-4.18 show delay effects on the TCP/IP performance for
asymmetric channel. Similar to the plots for symmetric channel, we cannot see any

statistically significant difference for 1K file since it is too small to give the chance
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for the protocol to show the performance, and the difference shows up starting from
10K file through all larger files.

By looking at the HSD procedure in Table 4.14 and comparing with
symmetric channel plots, we also see the delay effect on the performance gets
stronger along with the increase of the ﬁl¢ size and the increase of BER. This is
identical to the performance over symmetric channel.

The offset problem at 1K point for both symmetric and asymmetric channel
rates pfobably due to the fact that it can just be wrapped into one packet and runs with
a single window and not full interaction.

Combining the above analyses for both symmetric and asymmetric channels,
we may have the following conclusions for the delay effects on TCP/IP:

* For both symmetric and asymmetric channels with all BERs, TCP/IP shows
no statistically significant difference of the transfer time with the change of
link delay for a very small file (1K).

» Significant performance difference shows up along the increase of the file size
and becomes larger when the.error rate is increased.

» The performance difference due to the increase of the file size and BER is
strongér for asymmetric channel than symmetric channel.

4.2.2 Delay Effects on SCPS-VJ Performance
Symmetric Channel Rate
Figures 4.19-4.21 display the delay effects on the SCP-VJ performance for

symmetric channel with all BERs.
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~ Similar to TCP/IP, SCPS-VJ shows no statistically significant performance
difference with respect to the change of link delay for small files and significant
difference is shown up when the file size gets large, and the difference becomes large
along the increase of BER. For BER=1E-5, fwo performance lines éeem to be parallel
each other for all file size. The HSD procedure in Table 4.15 indicates that there is
about one order of magnitude time difference between two delays along the file size.
Asymmetric Channel Rate |

The asymmetric channel plots for each of three BERs are shown in Figures
4.22-4.24. Similar to all breﬁous plots, the protocol shbws no statistically significant
means difference with the change of link delay for small file size and significant
difference is occurred for large files and is getting large along the increase of the file
size and of the BER. Identical to symmetric channel, with BER=1E-5, two
performance lines tend to be parallel with one order of magnitude spaced along the
file size increase. The HSD procedure in Table 4.16 provides the comparison of
means corresponding to Figures 4.22-4.24.

In summary, the conclusions (1) and (2) obtained in Section 4.2.1 for TCP/IP
are also valid for SCPS-VJ. Different from TCP/IP which shows more strong
performance &ifférénce for ;aéymmetric channel than symmetﬁc channel, SCPS-VJ’s
performance difference between two delays tends to get smaller for asymmetric
channel, i.e., SCPS-VJ is better behaved on asymmetric channels. These can be

clearly seen when we compare Table 4.15 and Table 4.16.
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4.2.3 Delay Effects on SCPS-Vegas Performance
Symmetric Channel Rate
Figures 4.25-4.27 plot the SCPS-Vegas performance for two delays with three
BERs. Similar to Figures 4.13-4.15 for TCP/IP and Figures 4.19-4.21 for SCPS-VJ,
SCPS-Vegas have no significant difference with the change of delay for 1K file. The
difference is that SCPS-Vegas shows difference with the change of delay starting
from 10K up to all larger files where neither TCP/IP or SCPS-VJ show difference for
10K. Along the increase of the file size, the significant difference becomes large
when the error rate is high. Table 4.17 indicates that SCPS-Vegas’s performance is
significantly different between the two delays for all 10K, 100K and 1000K files.
Asymmetric Channel Rate
Fighreé 4.28-430 show three plots of SCPS-Vegas performance over

asymmetric channel with two delays. By looking at Table 4.18, we see, similar to the
plots in Figures 4.25-4.27, all three plots have no significant difference with respect
to delay change for 1K file but shows significant difference for all files starting from
10K up to all larger files. An exception occurs for 1K file with asymmetric channel
and BER=1E-6 in Figure 4.29, which shows the transfer with delay of 120ms takes
more time timn the one with 1280 fns. This is caused By one run with delay of 120 ms
which takes exceptionally long time while the average of other fifteen runs is very
close to the average of the total sixteen runs with the delay of 1280 ms. This can also
be verified by that the standard deviation of the transfer time with delay of 120 ms is

about 29 times large of the one with 1280 ms delay.

99



$CPSVegas Symmetric and BER)
2000
200 - *7
1.900 ‘
1.000 .
P
i Q000
2800 .
"m'——T'“ T 7
1.800 e
100 4000 5.0 €00
F,,,.. 1408 (Y] 008 m
h,u.. a7 em [ T
e slas {log 19}

Figure 4.25: SCPS-Vegas performance over symmetric error free channel
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Figure 4.26: SCPS-Vegas performance over symmetric channel with error rate 1E-6
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Figure 4.27: SCPS-Vegas performance over symmetric channel with error rate 1E-5
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Figure 4.28: SCPS-Vegas performance over asymmetric error free channel
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Figure 4.29: SCPS-Vegas performance over asymmetric channel with error rate 1E-6
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Figure 4.30: SCPS-Vegas performance over asymmetric channel with error rate 1E-5
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For SCPS-Vegas, we may have the following conclusions for the delay effects

on the performance:

» SCPS-Vegas has no significant performance differences for 1K file but shows
significant performance difference for file ranging from 10K to 1000K. The
difference gets large along the increase of file size and BER.

By comparing SCPS-Vegas with TCP/IP and SCPS-V], we see SCPS-Vegas’s
performance is more sensitive to the increase of BER, even for the symmetric
channel and smaller file size (10K). Both TCP/IP and SCPS-VJ show no
signiﬁéant performance difference for 10K file when symmetric channel rate
is used. |

Similar to SCPS-VJ, SCPS-Végas shows a larger performance difference
between two delays for symmetric channel rate than for asymmetric channel.
This is different from TCP/IP which shows a larger difference when
asymmetric channel is used.

This may be considered as one of key differences between SCPS

implementations and TCP/IP.

Conclusions

Base(i on the above study of the link delayreffects on the performance of each

protocol, we conclude that:

Similar to the result for protocol performance comparison, for both symmetric

and asymmetric channel rates, all protocols do not show statistically
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significant performance difference with respect the link delay change for a
very small file (< 1Kbytes) with all three BERs.

All protocols show statisﬁcélly ;igniﬁcant different performance with respect
to the link delay charrlrgreﬁ algﬁg Wtilile increase of ﬁlérsiie. The difference
becomes practical and more significant when the error rate is increased. Based
on this result, we reject all Hypotheses Set 1 through Hypotheses Set 3
corresponding to the analysis set (2) in Section 3.2.1 and conclude that all
protocols do not have equal file transfer time means with Delay=120 ms and

Delay=1280 ms for each of the same transmission conditions of channel rate,

BER and file size. Similar to rejecting hypotheses when we compare the

protocol performance between protocols in Section 4.1, this does not mean
;hét protocols have sié;m'ﬁcant Vdifferent file transfer time means with
Delay=120 ms and Delay=1280 ms for each of the same transmission
;:onditions of channel rate, BER and ﬁle size. We know that 1K file shows no
significant performance differences with respect to delay change for all
configuration.

TCP performance difference due to the link delay change along with the

increase of the file size and BER is larger for asymmetric channel than for

~ symmetric channel; SCPS-VJ and SCPS-Vegas show this difference being

stronger for symmetric channel rate. This may be considered as one of key

differences between TCP and SCPS implementations.
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s The ahove conclusion partially addresses our basic question (3) on how link
delay affects each protocol performance .

4.3 7 Blt-Error-Rate (BER) Effecte on Protocol Performance
In this section, the BER effect on each protocol performance over SGLS test-
bed is studied. It is expected to investigate how each protocol performs differently
over the simulated channel with the BERs of 0, 1E-6 and 1E-5. Sections 4.3.1, 4.3.2
and 4.3.2 Vanel-yze the BER effect on the protocol performance for each of TCP/IP,
SCPS-VJ and SCPS-Vegas. For each protocol, the analysis is done for each of the
joint transmission condition with each of symmetric/asymmetric channel rates and
each of two link delays. |
The lmear regress1on modelsr of the file transfer time for each protocol using
BER hnk delay and file size as regreseors are also bullt over each channel rate. In the
course of our ana1y81s we observed that loganthrmc file transfer time was better
7behaved than _]ust ﬁle transfer tune Th1s led us to fit 11nedr regresswn models to
Nloglo(sze), using the quantlﬁed parameters as regressors, and fitting different
regresslohs to each combination of protocol and channel rate. We ﬁt all models

s1mu1taneously to make coherent conclusron about global coverage of all protocols

and channel rates for the expenments over 4 the SGLS test-bed.

S g

We ave a global Rz—O 9503 We know R measures how much variation in

106

[
i

LG

G

"
i

¢« ¢

Cd 4«

(dUhdaq

lﬂ\%ﬂl

Iy
it

a4

ad

|
]

(edd




Qq¢CCqeCCtCCCaC(

€ CQQC

(¢ a0 Cq¢(¢

CE‘

L 4 ¢ ¢ C

¢ Cadq<

models, we have a very high' value for R%, this tells us that our models fit the
experiment data very well.

We used the SAS General Linear Model (GLM) and REG procedures to fit
and assess the models.

The GLM procedure is the most general analysis-of-variance procedure,
which can be used for many different analyses including analysis of variance,
regressions and analysis of covariance. It uses the method of least squares to fit
general linear models.

The REG procedure is a general-purpose procedure for regression. The REG
procedure also uses the principle of least squares to produce estimates that are the
best linear unbiased estimates under classical statistical assumptions. Both GLM and
REG procedures include a number of useful diagnostic tools for assessing regression
models [28], [29], [30].

After fitting a full linear regression models, we also checked to see if we
could pool across one or more protocols and/or channel types. When we restricted the
model, we noticed that the model surface did not pass near the data points although R
was not decreased much. We concluded that pooling over protocol and channel type
was not a good idea.

4.3.1 Bit-Error-Rate Effects on TCP/IP
4.3.1.1 Symmetric Channel Rate
Based on the experimental data, the TCP/IP linear regression model using

BER, link delay and file size as regressors is built for symmetric channel rate.
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logio(Time)= —3.576-54562.14x BER+0.915x10g,0(FS)—0.00014xDelay
+0.00008xDelayxlog;o(FS)+25.385xBERxDelay+l3633.999xBERong,o(F.S).
The \}alues and unit of each parameter contained in our models are listed below:

Time — Averaged file transfer time (second)

FS — File size (bytes) ranging from 1000, 10,000, 100,000 to1,000,000

Delay — Link delay time (millisecond), which is either 120 or 1280 in our
experiments

BER — Bit-Error-Rate ranging from 0, 1E-6 to 1E-5.

The above values and unit of each parameter are valid for all model built
when we study the experiments over SGLS test-bed.

Delay of 120 ms

Figure 4.31 plots the TCP/IP p.erformance over a symmetric channel with
different BERs. We see BER=0 and BER=1E-6 track together while BER=1E-5 rides
above them and keeps almost parallel. We also see that three straight least-squares
trend lines representing three different BERs fit the data very well.

Table 4.19 indicates that TCP/IP has significant performance difference
between BER=1E-6 and BER=1E-5 at the point of 1000K file. This verifies our
previous observation that the protocol shows significantly different performance with
the increase of file size and the increase of BER. This is reasonable and is to be

expected.
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Delay of 1280 ms

When the link delay is increased to 1280 ms, thrée TCP/TP performance
averages and regression line; tend to split for larger files and keep similar to the delay
of 120‘ ms for small files as shown in Figure 4.32. Table 4.20 indicates that TCP/IP
has signiﬁcani difference among BiERs for 100K and 1000K. Based on the above
analyses, we have the following conclusions for TCP/IP over symmetric channel:

= The i;}gzrease of BER from eri'or free to ‘I;E-6 does not sigqiﬁcantly affect the
TCP/IP’s performance when the file size is small. TCP/IP performs significant
differently with a BER of 1E-§ is used to transmit a large file.

» For delay of 1280 ms, TCP/IP shows different performance with different
BERSs for large files. The joint conditions of a large file, a long delay makes
protocols show significant decrease of throughput with the change of BER.

4.3.1.2 Asjfmmetric Channel Rate _:

The TCP/IP linear regression model for asymmetric channel rate is built
below using BER, link delay and file Vsize as regressors:
log1'd('Tir3{é)”=:3.7#6?—’1’2948.667§<_BERf0.995xlqglo(FS’)—O.OOOOSxDelay

+0.00007xDelayxlogio(FS)+8.27xBERxDelay+7391.65x BERx1og,o(FS)

When we compare TCP/IP mbdels for both channel rates, we see that BER,
link delay and file size contribute more significantly to file transfer time in
asymmetric model. This verifies our conclusion when we study the delay effects that
TCP performance difference due to the link delay change along the increase of the

file size and BER is larger for asymmetric channel than for symmetric channel.
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Delay of 120 ms
When a delay of 120 ms used over asymmetric channel, similar to Figure
4.31, BER=1E-5 is far abp}fe BERfO and BER=1E-6 with the difference that they are
spaced wider each other along the increase of the file size as shown in Figure 4.33.
We see the model fit the averages well. Table 4.21 displays that TCP/IP performs
differently among BERs for 1000K and between error free and others for 100K.
Delay of 1280 ms
For asymmetric channel rate with a delay of 1280 ms, similar to a delay of
1280 ms for symmetric channel in Figure 4.32, BER=0 and BER=1E-6 locate closely
while BER=1E-5 is away from them shown in Figﬁe 4.34. The straight observation
éhows that three BERs ten& to have different perfofmance for large files. Table 4.22
verifies the observation. We also see the models do not fit well at 10K points
especially with BER=1E-5. In summary, we have:
= BER=1E-5 tends to revfiuce”the link throughput much more strongly than
BER=6 and BER=1E-6.
= With itrhe link deiayi of 71207rins, increasing BER from 1E-6 to 1E-5 shows
practical different performance when transmitting 1000K; with link delay of
1280 ﬁ;s, practical diffefent Eérformance show up fdx increasing BER from 0
to 1E-6 when transmitting 1000K file and for increasing BER from 1E-6 to
1E-5 Vv;/hern umsmiﬁing 100K and 1000K files. This verifies our previous
conclusion that the increases of file size, long delay and BER makes protocol

show significantly different performance.
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4.3.2 Bit-Error-Rate Effects on SCPS-VJ
4.3.2.1 Symmetric Channel Rate
The SCPS-V] linear regressioiu model with symmetric channel rate using
BER, link delay and file size as regressors is built below:
log1o(Time)= —4.08—13794.46xBER+1 .01xlog;0o(FS)-0.00015xDelay
+0.00008x Delayxlogo(FS) +17.32x BERxDelay+5265.39x BERxlog 0(FS)
Delay of 120 ms
Figure 4.35 plots the BER eﬁ'éct on SCPS-YJ performance for symmetric
channel and a delay of 120 ms. Similar to the corresponding plot for TCP/IP in Figure
4.31, all averages and three linear regression lines tend to bind together. The only
significant performance difference is shown up between BER=1E-6 and BER=1E-5
at the point of 1000K file, which is ideﬁtical to TCP/IP. This is indicated by the HSD
procedure in Table 4.23. This is very reasonable and to be expected.
Delay of 1280 ms
Figure 4.36 shows how the performance is affected when the delay is
increased to 1280 ms. Similar to TCé/IP in Figure 4.32, the protocol performance
points tend to leave each other and éhow the performance difference along the
increase of file size. Regression lines with BER=0 énd BER=1E-6 tight closely while
the line with BER=1E-5 is away them. i
| Diffefent from Figure 4.35, the performance difference among three BERs are

much smaller when we compare Table 4.23 and Table 4.24.
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4.3.2.2 Asymmetric Channel Rate

The linear regression model using BER, link delay aﬁd file size as regressors
is built for SCPS-VJ over asymmetric channel rate below:

logio(Time)= —4.08—-40545.26x BER+1.06x10g1o(FS)-0.00016xDelay

+0.00006x Delayxlogo( FS) +16.0x BERxDelay+10849.91xBERxlog,o(FS)

When we compare SCPS-VJ models for both symmetric and asymmetric
channel rates, we see that different from TCP/IP models, BER and link delay
contribute more significantly to file transfer time in symmetric model than in
asymmetric model for SCPS-VJ. This may be considered as one of key differences
between SCPS-VJ and TCP/IP to cope with the problems of higher BER, long delay
and asymmetric channels for space communication. This behavior is also expected for
SCPS-Vegas.
Delay of 120 ms

Figure 4.37 shows that when asymmetric channel is used with a delay of 120
ms, the performance averages and regression lines do not bind together anymore and
the perfofmaﬁée difference is shown up for large files. This is similar to TCP/IP.
Table 4.25 indicates that BER=1E-6 and BER=1E-5 have difference for 100K file
and all three BERs have difference for 1000K file.
Delay of 1280 ms

Similar to 7TCP/[P, When the delay is increased to 1280 ms, the performance
difference gets larger and the throughput differences are significant for large files as

shown in Figure 4.38 and Table 4.26.
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4.3.3 Bit-Error-Rate Effects on SCPS-Vegas
4.3.3.1 Symmetric Channel Rate

The SCPS-Vegas linear regression model using BER, link delay and file size
as regressors is built over symmetric channel] rate below:

logio(Time)= —4.082+7350.09x BER+1.014xlog,0(FS)+0.00013xDelay

| +0.00002xDelayxlpglo(FS) +9.538xBERxDelay+212.161xBERxlog1o(FS)
Delay of 120 ms o
| Similar to SCPS-VJ, the performance points and regression lines bind tightly

and tend to have linear relationship among BERs as shown in Figure 4.39. Table 4.27
shows that the only significant performance difference is between BER=1E-6 and
BER=1E-5 for 1000K file. This is the same as TCP/IP and SCPS-V]J.
Delay of 1280 ms

When the delay of 1280 ms is used, SCPS-Vegas shows the same
performance as TCP/IP and SCPS-VJ v&xere the BERs show signiﬁcant performance
difference for large files. This can be seen from both Figure 4.40 and its
corresponding HSD procedure Tablé 4.2?. The models do not fit well for small files,
which is surely related to the fact that a small file size doesn’t show real protocol
performance. |

When we compare all BER effects of error free, 1E-6 and 1E-5, we find that
SCPS-Vegas is insensitive to the increase of BER for symmetric channel. We expect
that SCPS-Vegas should show similar BER effect for asymmetric channel based on

the description of the congestion control mechanisms that SCPS-Vegas uses.
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4.3.3.2 Asymmetric Channel Rate

As mentioned when we studied the BER effect on SCPS-Vegas over
symmetric channel rate, we expect SCPS-Vegas to be insensitive to the increase of
BER over asymmetric channel rate. The following linear regression model reflects
SCPS-Vegas’s linear relationship between the file transfer time and the transmission
condition over asymmetric channel rate:

logio(Time)= —4.035-7932.12xBER+1.059x10g;o(FS)—0.00004xDelay

+0.00003xDelayxlogo(FS) +2.635x BERxDelay+4240.98xBERxlog;o(FS)

When we compare the models for both symmetric and asymmetric channels
for SCPS-Vegas, we see that BER, link delay and their interaction contribute more
significantly for symmetric channel than for asymmetric channel. Different from all
models for TCP/IP and SCPS-V]J, the huge magnitude difference of BER coefficients
between symmetric and asymmetric channel models for SCPS-Vegas might make
SCPS-Vegas insensitive to channel rate change from symmetric to asymmetric,
especially if 1280 ms delay is used since, as mentionea, the interaction between BER
and link delay contributes lessws'igrﬁﬁcanrtly for asymmetric channel rate. This is to be
expected when we conduct our analysis for asymmetric channel rate.
Delay of 120 ms

Similar to TCP/IP, when the asymmetric channel is used with a delay of 120
ms, the performance difference among all BERs get significant along the increase of
the file size as shown in Figure 4.41 and Table 4.29. We expect this difference to be

more significant if the delay of 1280 is used.
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Delay of 1280 ms

In the same way as TCP/IP, when the delay time is increaséd, the BERs tend
to show significant performance difference for large files as shown in Figure 4.42.
Table 4.30 lists pairs showing significant performance difference ranging from 10K
to 1000K. When we comparé figures and tables between symmetric channel and
asymmetric channel, we see the figures are very identical and the performance
differences are very close. This imply that reducing symmetric forward channel to
2400 bps does not significantly affeci the performance relationship among BERS
when the channel has a delay of 1280 ms This is different from TCP/IP and SCPS-VJ
which show that asymmetric channel mostly has much large performance difference.
This verifies our prediction based on the model at the beginning. In summary, we
have the following conditions for the BER effect on the performance of SCPS-Vegas:

s Similar t§ TCP/IP and SCPS-Vegas, the increase of BER from error free to
1E-6 does not significantly affect SCPS-Vegas’s performance when relative
small files are transmited with symmetric channel and 120 ms delay.
BER=1E{5 decreases the througﬁput of SCPS-Vegas much more seriously.

» SCPS-Vegas is insensitive to the increase of BER for both symmetric and
asymmetrip channel Tates. Reducing channel rate from symmetric to
asymmetric does not affect the SCPS-Vegas performance relationship among
BERs if a déiay of 1280 is used. This can be understood from that SCPS-
Vegas is developed to copy with the problems of asymmetric channel rate,

high BERs and long link delays in space.
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Conclusions

Combining the above effect of BER on each of three protocols, we may conclude:

When relative small files (< 1Mbytes) were transmitted with symmetric
channel rate 115,200 bps:115,200 bps, the inprease of BER from error free to
1E-6 does not statistical significantly affect the protocols’ performance.

When a BER of 1E-;5 is used for both channel rates, the decrease of
throughput is seriously for all TCP/IP, SCPS-VEGAS and SCPS-Vegas.

The joint conditions of a large file, a long delay makes all protocols show
statistically signiﬁcantrperfonnance difference with respect to the change of
BER. Based on this result, we reject éll Hypotheses Set 1 through
Hypotheses Set 6 corresponding to the analysis set (3) in Section 3.2.1 and
conclude that no pair ;;rotocols have equal file transfer time means with each
of BER changes from 0 to 1E-6 and from 1E-6 to 1E-5 for each of the same
transmission conditions of channel rate, link delay and file size. Similar to

rejecting hypotheses for protocol performance comparisons in Section 4.1 and

for delay effects study in Section 4.2, this does not mean that each of three -

protocols has signiﬁcaxi(ly different file transfer time means with each of BER
changes from 0 to 1E-6 and from 1E-6 to 1E-5 for each of the same
traqsrrlisszxfdn conditionsr o_f channel rate, link delay and file size.

The factofs of file size, BER and link delay and all their interactions

contribute more significantly to the protocol performance.
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* TCP/IP is very sensitive to the increase of BER and SCPS-VJ is relatively
sensitive to the increase of BER.

* SCPS-Vegas is insensitive to the incréase of BER f(r)r‘ both symmetric and
asymmetric channel rates. |

» Reducing the forward channel rate from 115,200 bps to 2400 bps does not
significantly affect the SCPS-Vegas pgrformance relationship corresponding

| to the change of BER if the link ><Aie1371y of 1280 is used.

*  The above conclusion partially addresses our basic question (3) on how BER

affects each protocol performance listed in Chapter 1.

In summary, to have a qualitative and qua knowledge of the space channel
effects on each protocol perfonﬂancé, Table 4.31 provides mean differences of the
overall averaged transmission times in terms of channel condition changes. Based on
these quantitative mean differences, the effects of the transmission condition changes
on protocols’ performénce are also estimated in a qualitative form.

When we compare Table 4.31 with our expected qualitative effects in Table
2.1, we see they match very well. This tells us that our qualitative effect prediction

based on different features of each protocol is basically accurate.
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5 BEHAVIOR OF TCP/IP AND SCPS OVER A SATELLITE LINK

Figure 5.1 outlines test factors and different levels of each factor for
experiment over satellite link. The tests over realistic satellite link are expected to
bring three benefits: (1) Extend performance to cover large BDP region as well; (2)
Compare the performance of protocols in practical sense; (2) Improve the SGLS test-
bed based on the analysis of test results.

Due to the restriction of available satellite link conditions, the experiments
over the satellite link are done only with a delay of 120 ms and error free. The
channel baud rates include: (1) 115,200 bps:115,200 bps; (2) 4 Mbps:4 Mbps and (3)
4 Mbps:57,600 bps. With rate (1), we expect to validate the SGLS test-bed
performance by comparing the in-lab results with the actual satellite channel results
under the conditions of slow symmetric channel rate. With rates (2) and (3), we aim
to extend the performance analysis té cover large BDP region. Appendices D
provides the mean and standard deviation of file transfer time of 16 observations for
each experimental treatment over satellite link.

As in Chapter 4, based on the rcjlg?ionship between the protocols and the
relationship between two congestion control modes of SCPS protocol, the analysis
using SAS based HSD procedures will be done for each of the following protocol
comparison sets:

(1) TCP/TIP versus SCPS-VJ;

(2) SCPS-V]J versus SCPS-Vegas.

131



Each of the above two comparison sets has 6 configurations (=2 Protocol x 3

Channel Rate). The number of observations is 96 (=16 x 6) since there are 16
~ observations for each treatment.

Section 5.1 concentrates on comparing the performance of two protocols over
satellite link with each of the above three baud rates. Section 5.2 analyzes the
protocol performance difference between the SGLS test-bed and satellite link with

- rate (1) for each protocol. The analysis will also bé primarily supported using the

SAS based HSD procedure.

TCP/]P

4 Mbps: 57,00 bps

IK

Figure 5.1: Test factors and different levels of each factor for experiments over
satellite link
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5.1 Comparing the Performance of TCP/IP and SCPS

This section concentrates on comparing the protocol performance over
satellite link with each of the following three baud rates: (1) 115,200 bps:115,200
bps; (2) 4 Mbps:4 Mbps and (3) 4 Mbps:57,600 bps. For our experiments over
satellité link, rate (1) is considered to be slow symfnetric channel rate and rate (2) and
rate (3) to be high speed symmetric rate and high speed asymmetric rate respectively.
The above expériments over satellite link are conducted only with a delay of 120 ms
and error free due to the restriction of available satellite link conditions. The protocol
performance for transmitting 1000Kbytes file with channel rate 4 Mbps:57,600 bps is
also analyzed using performance graphs to examine the protocol behavior in detail.
Considering the protocols’ inconsistent performance caused by the experimental
configuration changes (e.g., test ‘hardware change and computer system upgrade) on
the ground station, the linear regression ihodels are not built for the regression of the
protocol performance on the transmissiop conditions over satellite link.
Slow Symmetric Channel Rate of 115,200 bps:115,200 bps

Figure 5.2 plots the protocol performance over satellite link with channel rate
of 115,200 bps:115,200 bps, BER=0 and Delay=120 ms. Close to the protocol plot
over the SGLS test-bed in Figure 4.1, we see three protocol are basically very close,
especially that TCP/IP and SCPS-VJ even can not be distinguished. The only point
with performance difference locates between SCPS-Vegas and other two for 10K file.
The HSD procedure in Table 5.1 verifies the above observation. By checking the

original time report for each run, the above significant performance difference
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consistently comes from all 16 runs instead of any exceptional runs. Similar to the
experiments over the SGLS test-bed, this difference actually comes from the
fundamental behavior difference between VI’s traditional Slow Start mechanism and
Vegas’s modified Slow Start mechanism as we expléined in Section 4.1.1.1 for link
delay of 1280 ms. |
High Speed Symmetric Channel Rate 4 Mbps:4 Mbps

The protocol performance over satellite link with channel rate of 4 Mbps:4
Mbps, BER=0 and Delay=120 ms is plotted in Figure 5.3. Different from the plot for
channel rate of 115,200 bps:115,200 bps, we see each of four files in Figure 5.3 takes
much lgss time than their corresponding file in Figure 5.2 does. Clearly, this great
improvement is due to the effect of high speed symmetric channel rate 4 Mbps:4
Mbps, which is about thirty-rfour'times faster than 115,200 bps:115,200 bps is. By
observing the plot, we expect to see the performance difference for large file points

where SCPS-VJ provides the highest throughput while the performance of SCPS-

* Vegas is clearly poorer than other two. The HSD procedure in Table 5.2 indicates the

performance of all three protécols are significantly different each other. Similar to 1K
file mean difference between SCPS-Vegas and SCPS-VJ with channel rate 115,200
bps:115,200 bps, since all the means are very small and the Mean Differences(%) are
relatively small, these pairs may not have practically significant differences.
High Speed Asymmetric Ch-a;nncl Rate 4 Mbps:57,600 bps

Figure 5.4 plots the protocol performance over high' speed asymmetric

satellite link with rate 4 Mbps:57,600 bps, BER=0 and Delay=120 ms. The direct
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observation is that the performance tendency is very similar to that for symmetric link
with rate 4 Mbps:4 Mbps. This is shown up from both each protocol performance for
all ﬁles and the performance relationship among all protocols. Comparing to Figure
5.3, we also see that all protocols show slight lower throughput for each of four files.
This is basically caused by slower speed acknowledge link with rate 57,600 bps,
which cannot fully support 4 Mbps data transmission. We see statistically significant
performance difference for large files can also be seen from the comparisons of
means provided by Table 5.3. Similar to the comparisons with channel rate 4 Mbps:4
Mbps, considering very small mean values for all pairs with even smaller mean
differences, they may not have practically significant differences.

When we comp:arref the protocol performance comparison results between
channel rate 4 Mpbs:57,600 bps and asymmetric low BDP link in our test-bed (i.c.,
115,200 bps:2400 bps in Section 4.1.2.1) with BER=0 and Delay=120 ms, we see
both results show that all three protocols have no “practically” significant
performance differences. This tells us that the overall high channel rates do not affect
the comparisoﬁ results between protocols too much and test results from different test
environments match each other. In order to understand how three protocols perform
differently in égtail, let’s ana1y2¢ their behavior at 1000K point in Figure 5.4, ie.,
their behavior for transmitting 1000 Kbytes file with rate 4 Mpbs:57,600 bps, BER=0
and Delay=IZQ ‘ms. The connection for each protocol is chosen randomly from 16

runs of each protocol. We will use various graphs obtained by using network analysis

tobls to conduct the analysis. These graphs are briefly described in Section 3.1.5.3.
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Table 5.4: A portion of transmission data of TCP/IP, SCPS-VJ and SCPS-Vegas for
transmitting 1000 Kbytes data with rate of 4 Mbps:57,600 bps, BER=0 and Delay=120 ms

TCP/IP SCPS-V] | SCPS-Vegas

Data Transmission Time (secs) 8.399 7.866 9.626
Elapsed Time (secs) 9.903 9.520 11.127
Throughput (bps) 100,977 105,043 89,871
Average Advertised Window (bytes) 279,108 560,078 5 60,078
Average Congestion Window (bytes) 165,098 168,908 145,310
Average RTT (ms) 771.7 780.2 764.2
RTT Stdev (ms) ' 56.7 70.87 61.9

Table 5.4 lists some of transmission statisticalr data for each pxiotocol. Those
data will be used to support the analysis.

Figure 5.5 plots the time sequence numbers with respective to file transfer-
time for three protocols\. We see three protocols basically start at the same point and
finally end up at different positions. The sequence number plots for three protocols
starts showing separations around 5.00 seconds, which is about in the middle of the
transmissiéns, and the difference seerﬁs to get larger and larger along with the file
size increase. This matches the results of the comparisons of means in Table 5.4.
Figuré 5.6 is the “zoom in” of the end portion of the time sequence graph in Figure
5.5. Figure 5.6 clearly shows that SCPS-VJ takes the least time to transmit 1000
Kbytes file and TCP/IP is between SCPS-VJ and SCPS-Vegas. The data transmission

time and the elapsed time for all protocols are given in Table 5.4. We se¢ SCPS-VIJ

and TCP/IP are closer while SCPS-Vegas is far away from other two.
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| sequence offset

1500000 4 - r‘!'
1000000 /
SCPSVega
500000
L0166 .
0 i, - -
Os 2000 s 4,000 s 6.000 s 8000 s 10.000 s

relative time

Figure 5.5: Time sequence numbers with respect to file transfer time for three
protocols transmitting 1000 Kbytes data with rate 4 Mbps:57,600 bps, BER=0 and
Delay=120 ms

sequence offset

FIM

-~

1000000 { -~
l'.SCPS-Vegas

900000

BCOOOO

700000

600000

500000

8000 3 9.000 s 10.000 s 11.000 s
relative time

Figure 5.6: Enlarged view of the end portion of the time sequence plots in Figure 5.5
Figures 5.7-5.9 individually plot the time sequence numbers for each protocol.

Three plots all show that the protocol starts from the initial window and increase the

transfer rate using the “Slow Start.” The “zoom in” versions of the time sequence plot

for each protocol are shown in Figures 5.10-5.12.
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sequence offsg) 1 68.9.5:36123_—>_192.168.8.4:3936 (time sequence graph) ,
1600000 1
500000 -
o 6
4] Loy
Os 2000 ¢ 4000 6.000 s 8000 s
relative time

Figure 5.7: Time sequence numbers of TCP/IP transmitting 1000 Kbytes data with

rate 4 Mbps:57,600 bps, BER=0 and Delay=120 ms

sequence offpg, 168.9.5:5013 —>_192.168.8.4:5013 (time sequence graph)
1500000 7
Vs
1000000 ‘
500000 1
106. ...
o o 18 .
Os 2000 4000 s 6.000 s 8000 s

relative time

Figure 5.8: Time sequence numbers of SCPS-VJ for transmitting 1000 Kbytes data

with rate 4 Mbps:57,600 bps, BER=0 and Delay=120 ms
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Figure 5.9: Time sequence numbers of SCPS-Vegas for transmitting 1000 Kbytes =5
data with rate 4 Mbps:57,600 bps, BER=0 and Delay=120 ms g
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Figure 5.10: Enlarged view of time sequence graph of TCP/IP in Figure 5.7 W
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Figure 5.11: Enlarged view of time sequence graph of SCPS-VJ in Figure 5.8

sequence offyg) 1 68.9.5:5011_—>._192.168.8.4:5011 (time sequence graph)

7.000 s 750 s 8000 s 8500 s 9.000 s
relative time

Figure 5.12: Enlarged view of time sequence graph of SCPS-Vegas in Figure 5.9
By looking at three plots in Figures 5.7-5.9, we see there are no
retransmissions for all three protocols since BER=0 is used for the file transfers.

Basically, all returning packets update both the acknowledgement line and the edge of
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the window. The baud rate 4 Mbps:57,600 bps does not limit the data transfer.
Instead, the transmitter tries to gradually “fill out” the pipe using the “Send and Wait
for ACK” procedure, which increases the congestion window for each ACK received

until all data is sent out as shown by the congestion window plot in Figure 5.13.

Outstanding Data (bytes)
150000 SCPS W
TCPAP SCPS Vegas
100000
5000
0
2000 s 4000 s 6.000 8000 s 10.000 s
relative time

Figure 5.13: Congestion window graph of three protocols for transmitting 1000
Kbytes data with rate 4 Mbps:57,600 bps, BER=0 and Delay=120 ms

A ,,SP??i,,al, case isf that? for TCP/IP, as shown at the end of Figure 5.7, the
advertised window is fuﬂ along the last packet flight is being sent and thus starts to
limit the data sending rate. This is happening with neither SCPS-VJ nor SCPS-Vegas
since, if we compare the advertised window lines of TCP/IP and that of SCPS-VJ and
SCPS-Vegas, we see the window size for both SCPS-VJ and SCPS-Vegas are

advertised twice of that for TCP/IP. Table 5.4 shows the average advertised window
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for TCP/IP is 279,108 bytes while it is 560,078 bytes for both SCPS-VJ and SCPS-
Vegas. Such a big difference of window size seems to provide SCPS-VJ and SCPS-
Vegas more space to support the high sending rate of 4 Mbps. The “Send and
Wait for ACK” problem is baswally caused by wa1t1ng for delayed slow link ACKs
with rate 57, 600 bps after each packet ﬂlght ends

Along the increase of the packets for each flight which corresponds to the
increase of the congestion window, the RTT for each flight is also increased gradually
as shown by the RTT plots in Figures 5.14-5.16. This is particularly clear for TCP/IP

RTT graph in Figure 5.14.

rtt

) 01689536123, —>_192.168.8.4:3036 (et samples)
900
850
800
750
70} M —— ,

Os 2000 ¢ 400 & 6.000 = B0 s

time

Figure 5.14: RTT graph of TCP/IP for transmitting 1000 Kbytes data with rate 4
Mbps:57,600 bps, BER=0 and Delay=120 ms
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Figure 5.15: RTT graph of SCPS-VJ for transmitting 1000 Kbytes data with rate 4 =
Mbps:57,600 bps, BER=0 and Delay=120 ms >
v
9
rtt (ms) v
192.168.9.5:5011_=—>_192.168.8.4:5011 (rit samples) -
900 - ’
-
850 v
i
800 <
%G i
750
700 4 @
0% 4000 6.000 s 8.000 3 10.000 s 7
time .
? i
Figure 5.16: RTT gr;ph of SEPS-i\’egés for transmitting 1000 Kbytes data with rate 4 ?
Mbps:57,600 bps, BER=0 and Delay=120 ms adl
-
The strongly varied “saw-like” RTT portions for SCPS-VJ and SCPS-Vegas _
=
correspond to the limited number of packets sent between packet flights, and each big -
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packet flight corresponds to an approximately iﬁcréased RTT segment. This can be
observed clearly when we match Figure 5.8 and Figure 5.9 to Figure 5.15 and Figure
5.16. Table 5.4 shows that SCPS-VJ has the largest average RTT 780.2 ms while
TCP/IP and SCPS-Vegas have the average RTT of 771.7 ms and 764.2 ms. The “saw-
like” RTT is not happened for TCP/IP. This is to be expected since there are no
packets injected into the pipe when the transmitter waits for receiving ACKs from the

receiver as we see in Figure 5.7 and Figure 5.10.

thruput (bytes/sec)
120000 'I'
100000 \
80000 I
] ‘ | SCPS Vegas
40000 ' / ’
I
20000
. Lt -
et
2000 s 4000 s 6000 s 8000 s 10000 s
time

Figure 5.17: Throughput graph of three protocols for transmitting 1000 Kbytes data
with rate 4 Mbps: 57,600 bps, BER=0 and Delay=120 ms

We know the capacity of the pipe between the transmitter and the receiver can

be calculated as
Capacity (bits)=Bandwidth (bits/sec) x RTT (sec)
The capacity can vary wi&ely depending on the network speed and the RTT

between the two ends. Provided we have a fixed 4 Mbps bandwidth for all protocols,
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the largest RTT of SCPS-VJ 780.2 ms brings us the highest average congestion
window 168,908 bytes and the smallest RTT of SCPSfVVCng‘J,S 764.2 ms gives us the
smallest average congestion window 145, 310 bytes. This can be intuitively seen from
the congestion window graph in Figure 5.13. Corresponding to the increase of the
congestion window and the increase of RTT for each protocol, the averaged
throughput for three protocols are plotted in Figure 5.17, which shows that SCPS-VJ
has the highest throughput and SCPS-Vegas has the Iqwest one. The specific
throughput for each protocol is provided in Table 5.4. We see all the throughputs are
mostly limited by the long delayed slow-speed acknowledgements. The throughput
for TCP/IP is also partially limited by the receiver’s ability to keep the window open
at the end of the connection as rsrho;vvn in Figure 5.7.

In the end, by observing the plots in Figures 5.7-5.9, we see along the increase
of the congestion window, while the RTT gets larger and larger, the transmitter
receives ACKs more frequently and sends new data earlier when the current flight
ends. Another words, the packets from the next flight arrive closer and closer to the
end of the f;lrst flight. We expect, for a much larger file, the packets will arrive closer
and closer until evéntually the distinction between flights blurs and the connection
settlgs iptg 97 ggpﬁinuous stream of arriving data packets [31]. This is expected to be
true provided a large enough advertised window is available. For TCP/IP, if to
transmit a 10 Mbytes file, this will not be true since the ngygrtispd window starts to

limit the sending rate even for a 1000 Kbytes file as we seen in Figure 5.7.

148

€€ C ¢ ¢ €«

L d 4 <

CUCCCCada(

Al

il
il

€Eeac



¢ C(

"
1

¢ CCccCCcC

C CCCC

C € (¢

(O G O N GO (A (A G O (O G

¢ C ¢

G ¢

(CCQqac

Conclusions

Based on all the above analyses, we may make the following conclusions for

the performance comparison of TCP/IP and SCPS over satellite link:

=  With channel rate 115,200 bps:115,200 bps, protocols basically have no

performance difference.

With channel rate 4 Mbps:4 Mbps, protocols show “statistically” significant
performance differences fof large files Where SCPS-V]J provides the highest
throughput while the performance of SCPS-Vegas is clearly poorer than the
other two.

With channel rate 4 Mbps:57,600 bps, performance tendency is very similar to
that for symmetric channel rate 4 Mbps:4 Mbps. This can be shown up from
both each protocol has similar performance shape and the performance
relationships among all protocols are close. Similar to rate 4 Mbps:4 Mbps,
protocols have “statistically” significant performance difference for large files
where SCPS-VJ provides the highest throughput and SCPS-Vegas has poor
performance.

For both comparisons with channel rates 4 Mbps:4 Mbps and 4 Mbps:57,600
bps , considering very small mean values for all pairs with even smaller mean
differences, their “statistically” significant performance differences are not
“practically” significant. Therefore, we may conclude that all protocols have
no “really” significant performance differences with channel rates 4 Mbps:4

Mbps and 4 Mbps:57,600 bps in our realistic satellite link experiments. Based
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on the above result, we fail to reject Hypotheses Set 1 and Hypotheses Set 2
corresponding to the satellite experiment analysis setr (1) in Section 3.2.2 and
conclude that three protocols rh:ayerqua%l 7ﬁile transfer time means fqr ;each of
the same transmission conditions of BER=0 and Delay=120 ms and three
channel rates. But we should note that our conclusion is obtained by not
rejecting hypotheses based on the results that all pairs have no “practically”
significant performance differences although they have “statistically”
significant differences. |
52  Comparing Protocol Performance over SGLS Test-bed and Satellite Link
In this section, the protocol performance over SGLS test-bed and satellite link
is compared to validate the SGLS test-bed performance. The comparison is made
only with channel rate 115,200 bps:115,200 bps, BER=0 and Delay=120 ms since
this is the only cbmmon set experiments conducted in both environments. The
cqmpaﬁson for eg@h protocol is done first and then the sample regression lines
between two test environments are expected to be built. |
Each of two comparison sets (i.e., TCP/IP versus SCPS-VJ and SCPS-Vegas
versus SCPS-VJ) has 4 configurations (=2 Test Facility x 2 Protocol) for each file
size. The number of observations is 64 (=16 x 4) since there are 16 observations for

each configuration.

Protocol TCP/IP . .

Figure 5.18 plots the protocol TCP/IP performance between the SGLS test-

bed and satellite link. The direct observation result is that the performance of two
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sources keep spaced for all four files and almost keep parallel for large files. The
HSD procedure in Table 5.7 shows that TCP/IP’s performance are statistically
significant different between the SGLS test-bed and satellite link for all four files.
Protocol SCPS-VJ
The test source performance comparison plot for SCPS-VJ is displayed in
Figure 5.19. We see the performance averages bind together for 1K and 10K files and
shows big difference for 100K and 1000K files. This is quite different from the
source performance plot for TCP/IP. Table 5.8 indicates that the source performance
has no difference for 1K and 10K file and has sigﬁiﬁcant difference for 10K and
1000K.
Proto;ol SCPS-Vegas
Figure 5.20 shows the source performance difference for SCPS-Vegas. We
see performance points for test-bed and satellite link are very close for 1K but are
widely spaced for large files. Table 5.9 indicates that SCPS-Vegas show significant
performance difference for 10K, 100K and 1000K file while has no difference for 1K.
By summarizing the above compariso*lé for three protocols, we see:
s TCP/IP shows statistically significant difference in the performance for all
files between the test-bed and satellite link.
* SCPS-VJ and SCPS-Vegas show statistically significant difference for
relatively large files and the difference get large along the increase of the file

size.
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= All three protocols"perfonnance differences for 1000Kbytes file between the
test-bed and satellite link are about 20 seconds that give an approximate 25%
mean difference. This indicates that in a steady state, there may be a constant
performance bias existing between the test-bed and satellite link. This bias
may be related to the difference of testing eqﬁipment used for the éxperiments
over test-bed and satellite link. Therefore, we may build a linear regression
line for the regression of the SGLS test-bed time on satellite link time.
Furthermore, although there may be a constant performance bias existing, the
SGLS test-bed may be used to predict the protocol performance over realistic
satellite link.
File Transfer Time Relationship between SGLS Test-bed and Satellite
Based on twelve pairs of averaged observations, the linear regression line for
the regfession of SGLS test-bed time on satellite link time can be found as
Satellite Time =(0.7923 x Test-bed Time)+0.1839 with R?=0.9995
or in logarithm,
logo(Satellite Time) =0.9888 x Ibg;o(T est-bed Time)+0.0605 with R*=0.9926
This regression line tells us that we can obtain the satellite time if we know
the test-bed time. Therefore, we may conclude that our test-bed works well and can
be used to predict the protocol performance over realistic satellite link. We also see
that, for both models, R? is almost 1. This indicates tﬁat both models fit the data very

well.
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Figure 5.21 plots the above model and the file transfer time relationship
between SGLS test-bed and satellite link for all three p;gggcols. We see all twelve
relationship points are distributed in four clusters separated by four files with each
cluster consists of three points corresponding to three protocols. Clearly, we see that
SGLS test—bed time and satellite link time are almost linearly correlated each other
and increase together. This says that there might be a constant bias existing between
them. The regression mod¢1 verifies this. We see thatv as we expected the model
basically fit all data very well. This constant bias may be related to the difference of

testing equipment used for the experiments over test-bed and satellite link.

2.5
PY 2+ E
(-]
b 1.5 + -
2
oL ]
E
-
0.5 | -
®
- [ 4
-
-] 0.5 -
-1 bk .
FaN D average for TCP/IP
1.5 -+ snversge for SCP 8§ -VJ
. B jom] wverage for SCFP&-Vegus T
total m odel fit
: .2 i 1 i i 4 i ry i
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§GLS Time (log10)

Figure 5.21: File transfer time relationship between SGLS test-bed and satellite link
for all three protocols

 Considering the different features among three protocols, it may be necessary
to find the linear regression line for each protocol. The linear regression line for the
regression of test-bed time on satellite link time for each protocol can be found as:

TCP/IP: Satellite Time =(0.7814 x Test-bed Time)+0.2342 with R*=0.9999
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or

logio(Satellite Time) =1.0535 x log;o(Test-bed Time)-0.1566 with R*=0.9952
SCPS-VI: Satellite Time =(0.80 x Test-bed T ime)-0.3050 with R?=0.9995
or

logio(Satellite Time) =0.9602 x log o(Test-bed Time)-0.0447 with R*=0.9977
SCPS-Vegas: Satellite Time =(0.7960 x Test-bed Time)+0.6074 with R*=0.9998
or

logo(Satellite Tirﬁe) =0.9665 x logm(T est-bed Time)+0.0084 with R*=0.9954

Figures 5.22-5.24 plot the telationship between SGLS test-bed and satellite

link and the régression model for TCP[[P, SCPS-VJ and SCPS-Vegas reépectively.

We see all the above linear models have very high R®. We expect the models fit data

well.
2.5
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Figure 5.22: TCP/IP file transfer time relationship between SGLS test-bed and
satellite link
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‘Conclusions

In summary, based on all the above protocol analyses with BER=0 and

Delay=120 ms in Section 5.1 and Sections 5.2, we rﬁay coﬁéludé:

All protocols do not show statistically significant mean differences for slow
symmetric channel rate 115,200 bps:115,200 bps but show significant
performance difference for all large files with higher channel rates.

SCPS-V] basically shows the Mghest throughput in all cases and SCPS-Vegas
shows the slowest throughput. All three protocols show statistically significant
pefformance differences between test sources. The mean time for test-bed is

about 25% more than that for satellite link for 1000K file for all protocols.

‘Based on this result, we reject Hypotheses Set 1 through Hypotheses Set 3

corresponding to the satellite experiment analysis set (2) in Section 3.2.2 and
conclude that three protocois have no equal file transfer time means for tests
over SGLS test-bed and satellite link with each of four file sizes, channel rate
115,200 bps:115,200 bps, BER=0 and Delay=120 ms. Although existing
statistically significant differences in the performance between SGLS test-bed
and satellite link, the test-bed works well. There is about 25% constant bias
existing between them. This constant bias may be related to the difference of
testing equipment used for the experiments over test-bed and satellite link.
SGLS test-béd time can be used to predicf the protocol performance over
satellite link. The prediction may be more accurate when a large file is

transmitted.
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* The above conclusion addresses our basic question (4): if the SGLS simulator
provides a reasonable (to within a scaling factor androffset) approximation to
the true satellite channel or if there is a linear translation between the two. The
answer is “yes"’. Based on twélve pairs of averaged observations, the linear
regression line for the regression of SGLS test-bed time on satellite link time
can be found as
~ Satellite Time =(0.7923 x T est-bed Time)+0.1839 with R2=Q.9995
or in logarithm,

logio(Satellite Time) =0.9888 x log o(Test-bed Time)+0.0605 with R’=0.9926
From this, we may conclude that the test-bed works well and can be used to

predict the protocol performance over realistic sateliite link.

Due to the restriction of satellite link configuration, the experiments with
higher BERs and a longer.link delay have not been tested. The following work are
suggested when satellite link is configured properly: (1) Compare the protocol
performance over SGLS test-bed and satellite link for configurations with higher

BERs éu_1d a longer link delay; (2) Study the‘_effevctsbof BER and link delay on the
protocol performance over satellite; (3) Based on a complete protocol performance
comparison between TCP and SCPS with various BERs and link delays, the
performance relationship between test-bed and satellite link may need revalidation
and it may also be necessary to built a new regression model fof the regression of

test-bed time on satellite time; (4) Study the protocol performance with various BERs

and delays over high speed satellite channel rates.
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6  SUMMARY, CONCLUSIONS AND FUTURE WORK

We endeavored in this work to study the behavior of TCP and its extensions in
space SCPS-TP by testing fip over TCP/IP stack and SCPS-FP over SCPS-TP/IP
stack on both simulated test-bed and realistic satellite link. At the heart of our study
lies the protocol performance comparison between TCP/IP suite and SCPS
implementations (SCPS-VJ and SCPS-Vegas) and the effects of link delay and BER
on each protocol performance.

We wish this study is contributive to understanding most widely used TCP
and its extensions in space SCPS, especially on their performance differences. As a
joint activity between NASA and DoD, SCPS project is intended to develop data
communication protocol standards for data transfer between space mission end
systems covering the following technical areas: an efficient file handling protocol
(SCPS-FP), various flavors of underlying retransmissién control protocol (SCPS-TP),
a data protection mechanism (SCPS-SP) and a scaleable network protocol (SCPS-
NP). As the ‘developer of both SCPS-TP and SCPS-NP, the MITRE Corporation in
Reston, VA also integrated the above four SCPS protocols and conducted a wide
range of laboratory tests and live satellite experiments to characterize the
performance of SCPS-TP. MITRE also conducted a number of tests in the laboratory
to compare the performance of SCPS-TP with that of regular TCP in various
simulated space link enifironments [9]. MITRE’s tests were basically concentrated on
evaluating the performance of individual protocol segment from the perspective of

the protocol developer while our study wished to evaluate the performance of the
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complete four-layered-integrated SCPS stack from the perspective of the application
user. MITRE’s tests were done with each protocol individually and without the
operating systems involvgd and therefore might not be considered as full operations.
Our work is considered as the first set of real side-by-side comparison between
TCP/IP and SCPS protocol with the operating syétems fully involved from the
perspective of the user. We wished to determine which protocol suite has better
performance under various channel conditions based on real file transmission time
reported to the user. It is hoped that our study can provide a reference for application
users 6n the protocol performance differénce. We also wished to help protocol
developers to better consider the effects of the channel transmission factors on the
performance of the integrated complete protocol stack from the perspective of the
user, which is actually the work we have been doing.

6.1  Protocols and Experimental Methodologies

The first part Qf the dissertation introduces TCP and SCPS-TP protocols and
describes our experimental facilities, experimental work and analysis procedures.
Here we briefly summarize them.

We began by introducing TCP variants and the various congestions control
algorithms that dominate the behavior of TCP. Then the communication problems
that TCP has in space were listed. Following the problems of TCP, we described how
SCPS,,QaIfngigut__andw how TCP was extended to be SCPS-TP to overcome the above

TCP problems.
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We then introduced NMSU SGLS test-bed and the experimental
methodologies. We first describéd the SGLS test-bed hardwére topology and several
experimental tools we have and then discussed the protocol layers and configurations
in our experiments and the experimental procedures. In the end, we described our
detailed experimental work over both test-bed and satellite link and listed testable sets
of hypotheses we needed to test.

6.2 StudyA of Protocols over SCLS Test-bed

The behavior of TCP/IP and SCPS over our test-bed was considered to be one
of two essential parts of our study. The goai of this part of our study was to compare
the protocol performance over our simulated channel to see which protocol has better
performance under different transmission conditions. Another goal was to investigate
how each protocol behaves with different delays and BERs and thus to study the
effects of delay and BER on their performance. Statistical regression models were
also built for the regression of file transfer time on the trénsmission conditions.

6.2.1 TCP/P and SCPS Performance Comparison
We compared the protocol p;rfdﬁnance with different delays and BERs under
both symmetric and asymmetric channel rates. We found that:
* Protocols do not show pérformance difference with a \}ery small file (<
1Kbytes) for all configurations.
" For both symmetric and asymmetric channel rates, protocols have no
statistically significant performance difference for low BERs with geo-

stationary orbit sateilite link delay.
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»  Protocols show statistically significant performance difference with the

increase of file size, BER and link delay for both symmetric and asymmetric

channel rates. In this case, SCPS-Vegas tends to show the highest throughput

C(CCqaCCdqC(C

and TCP/IP gives the slowest throughput.
» The above conclusion actually answers our first two basic questions listed in
Chapter 1. The answer for question (1) is: There is an overall advantage of the

SCPS-Vegas protocol for file transport over TCP/IP in our simulated low

1
i

€Ceec(

BDP satellite channel. The answer for question (2) is: Vegas congestion
‘control mode shows superior performance than VJ based congestion control

mechanism based on the performance comparison result between SCPS-VJ

and SCPS-Vegas.
6.2.2 Delay Effects on Protocol Performance

We analyzed the delay effects on the performance for each of TCP/IP, SCPS-

€ q¢C<

VJ and SCPS-Vegas protocols. We found that:

¢ ¢ €

» Similar to the result for protocol performance comparison, for both symmetric

and asymmetric channel rates, all protocols do not show statistically o

significant performance difference with respect the link delay change for a
very small file (< 1Kbytes) with all three BERs.

s All protocols show statistically significant different performance with respect
to the link delay change along the increase of file size. The difference

becomes more significant when the error rate is increased.
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» TCP performance difference due to the link delay change along the increase of

the file size and BER is larger for asymmetric channel than for symmetric
_channel; SCPS-VJ and SCPS-Vegas show this difference being stronger for
symmetric channel rate. This may be considered as one of key differences
between TCP and SCPS implementations.

The above conclusion partially addresses our basic question (3) on how link

delay affects each protocol performance.

6.2.3 BER Effects on Protocol Performance

Similar to the study of delay effects, we investigated the BER effects for each

of three protocols. We found that:

When relative small files (< 1Mbytes) were transmitted with symmetric
channel rate 115,200 Bps:l 15:;2700 bps, the increase of BER from error free to
1E-6 does not statistical significantly affect the protocols’ performance.
BER=1E-5 affects the protocol performance more seriously for all protocols.
The joint conditions of a large file, a long delay makes all protocols show
statistically significant pérformancc difference with respect to the change of
BER.

SCPS-Vegas is sensitive to the increase of BER for transfnitting small files
over symmetric channel. Reducing the forward channel rate from 115,200 bps
to 2400 bps does not significantly affect the SCPS-Vegas performance
relationship corresponding to the change of BER if the link delay of 1280 is

used.
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* The factors of file size, BER and link delay and all their interactions
contribute most significantly to the protocol performance.

, '{‘he Ebove conclusion pmially;addresses our basic quesﬁori (3) on how BER
affects each protocol performance listed in Chapter 1. When we studied the BER
effects on protocol performance, tl}f: statistical regression models were also built
using BER, link delay and file size as regressors for each protocol over each channel
rate.

Based on the above results of protocol study with GEO link delay (120 ms),
we may expect that extending it to LEO link (i.e., deoreasing link delay to around 3
ms) would not make the protocol performance and the performance relationship too
much different since the link delay difference betwoen 3 ms to 120 ms is practically
trivial. The verification may be left as part of the future work.

6.3  Study of Protocol Performance over Satellite Link
~ The study ofr' protocol perfonognog overa real satellite link is another essential
part of study. The goals of the study of protocol performance over satellite link are to
extend the protocol performance stody to cover large BDP region, to compare the
protocol performance in practical sense and to validate the SGLS test-bed
_performance by comparing the in-lab results with the actual satellite channel results
under the conditions of slow symmetric channel rate.

- Toward the above goals, we first compared the performance of TCP/IP and

SCPS over satellite link and then compared protocol performance over SGLS test-bed

and satellite link. Three channel rates were available for our experiments over
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satellite: (1) 115,200 bps:115,200 bps; (2) 4 Mbps:4 Mbps and (3) 4 Mbps:57,600

bps. The experiments with those rates were done with Delay=120 ms and BER=0.

631 Comparing Protocol Performance of TCP/IP and SCPS

We compared the performance of TCP/IP and SCPS over satellite link with

each of the above three channel rates. Fbr each channel rate, we found that:

With channel rate 115,200 bps:115,200 bps, protocols basically have no
performance difference except for 10K file between SCPS-Vegas and other
two protocols.

With channel rate 4 Mbps:4 Mbps, protocols show statistically significant
performance difference for large files where SCPS-VJ provides the highest
throughput while the performance of SCPS-Vegas is clearly poorer than other
two.

With channel rate 4 Mbps:57,600 bps, performance tendency is very similar to
that for symmetric channel rate 4 Mbps:4 Mbps. This can be shown up from
both each protocol has similar performance shape and the performance
relationships among all protoc‘olsﬁare close.r Similar to rate 4 Mbps:4 Mbps,
protocols have statistically significant performance difference for large files
where SCPS-VJ provides the highest throughput and SCPS-Vegas has poor
performance.

Combining the above conclusions for tests over satellite link, we concluded:

167



6.3.2

All protocols do not show statistically significant performance differences for
slow symmetric channel rate 115,200 bps:115,200 bps but show significant
performance difference for all large files with higher channel rates.

SCPS-V] basically shows the highest throughput in all cases and SCPS-Vegas
shows the slowest throughput.

For both comparisons with channel rates 4 Mbps:4 Mbps and 4 Mbps:57,600
bps, considering Véry small mean values for all pairs with even smaller mean
differences, their “statistically” significant performance differences are not
“practically” significant. Therefore, we may conclude that all protocols have
no “really” significant performance differences with channel rates 4 Mbps:4
Mbpé and 4 Mbps:57,600 bps m our realistic satellite link experiments.

To see how three protocols perform differently in detail, we also analyzed the

protocol behavior for transmitting 1000 Kbytes file with rate 4 Mpbs:57,600 bps,

BER=0 and Delay=120 ms using various network performance graphs.

Comparing Protocol Performance over SGLS Test-bed and Satellite Link

The protocol performance over SGLS test-bed and satellite link is compared

to validate the SGLS test-bed performance. The comparison is made only with the
‘channel rate 115,200 bps:115,200 bps, BER=0 and Delay=120 ms since this is the

only common set experiments conducted in both test-bed and satellite link. We found

TCP/IP shows statistically significant diffefence in the performance for all

files bétween the test-bed and satellite link.
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» SCPS-VJ and SCPS-Vegas show statistically significant difference for
relatively large files and the difference get large along the increase of the file
~ size.
= All three protocols’ performance differences for 1000Kbytes file between the
test-bed and satellite link are about QO seconds that give an approximate 25%
mean difference. This indicates that in a steady state, there may be a constant
performance bias existing between the test-bed and satellite link. This bias
may be related to the difference of testing equipment used for the experiments
over test-bed and satellite link
The overall protocol performance over test-bed and satellite link is linearly
correlated by
Satellite Time =(0.7923 x Test-bed Time)+0.1839 with R*=0.9995
or in logarithm,
logo(Satellite Time) =0.9888 x log o(Test-bed Time)+0. 0605 with R?=0.9926
This addresses our basic question (4) in Chapter 1. The constant bias may be
related to the difference of testing equipment used for the experiments over test-bed
and satellite link. We concluded that the test-bed works well and can be used to
predict the protocol performance over realistic satellite link.
64  Future Work
Due to the restriction of satellite link configuration, the experiments with
higher BERs and a longer link delay have not been tested. The following work are

suggested when satellite link is configured properly:
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» Compare the protocol performance over SGLS test-bed and satellite link for
configurations with higher BERs and a longer link delay.
s  Study the effects of BER and link delay on the protocol performance over
various satellite channel rates.
. Bafed :on’iaipgmplgtqrprqtocpli prerfqrmance comparisqn between TCP and
SCPS with various BERs and link delays, the performance relationship
“between test-bed and satellite link will need to be reviewed and it will be
necessary to built a new regression model for the regression of test-bed time

on satellite time. It might also be necessary to re-validate test-bed

performance based on additional experiments and this new regression model.
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A.  MEANS AND STANDARD DEVIATIONS OF TCP/IP FILE TIMES

OVER THE SGLS TEST-BED
Protocol |Channel| BER File Size Delay | Runs | Transfer Time | Transfer Time
Rate (bytes) (ms) Means (secs) Std Dev (secs)
TCP/TP SYM 0 997 120 16 0.145 0.017
TCP/TP SYM 0 997 1280 16 0.137 0.019
TCP/TP SYM 0 10007 120 16 1.420 0.067
TCP/TP SYM 0 10007 1280 16 3.634 0.124
TCP/TP SYM 0 100003 120 16 10.456 0.171
TCP/TP SYM 0 100003 1280 16 20.244 1.690
TCP/TP SYM 0 1000003 120 16 96.875 0.649
TCP/TP SYM 0 1000003 1280 16 120.438 13.366
TCP/TP SYM 1.00E-06 997 120 16 0.126 0.024
TCP/TP SYM 1.00E-06 997 1280 16 0.147 0.021
TCP/TP SYM 1.00E-06 10007 120 16 1314 0.170
TCP/TP SYM 1.00E-06 10007 1280 16 3.697 0.149
TCP/TP SYM 1.00E-06 100003 120 16 10.544 0.876
TCPIP_| SYM | 1.00E-06 | 100003 1280 | 16 27.669 8.507
TCP/IP SYM 1.00E-06 1000003 120 16 100.519 4.238
TCP/TP SYM 1.00E-06 1000003 1280 16 239.125 15.379
TCP/IP SYM 0.00001 997 120 16 _0312 0.750
TCP/TP SYM 0.00001 997 1280 16 0.328 0.742
TCP/IP | SYM | 0.00001 10007 120 16 2.450 2.506
TCP/TP SYM 0.00001 10007 1280 16 8.097 3474
TCP/TP SYM 0.00001 100003 120 16 15.088 3.220
TCP/IP SYM 0.00001 100003 1280 16 66.919 15.870
TCP/TP SYM 0.00001 1000003 120 16 146.063 13.453
TCP/TP SYM 0.00001 1000003 1280 16 717.688 34.358
TCP/IP | USYM 0 997 120 16 0.145 0.060
TCP/IP | USYM 0 997 1280 16 0.140 0.017
TCP/IP | USYM 0 10007 120 16 2.128 0.123
TCP/IP | USYM 0 10007 1280 16 8.689 4.217
TCP/IP | USYM 0 100003 120 16 17.269 2.084
TCP/IP | USYM 0 100003 1280 16 50.156 1.332
TCP/IP | USYM 0 1000003 120 16 173.500 3.464
TCPIP | USYM 0 1000003 1280 16 222,438 17.029
TCP/IP | USYM | 1.00E-06 997 120 16 0.154 0.062
TCP/IP | USYM | 1.00E-06 997 1280 16 0.138 0.014
TCP/IP | USYM | 1.00E-06 10007 120 16 2.338 0.524
TCP/IP | USYM | 1.00E-06 10007 1280 16 7.657 0.065
TCP/IP | USYM | 1.00E-06 100003 120 16 20.025 2.286
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7
Channel File Size | Delay Transfer Time Transfer Time o
Protocol | Rate BER (bytes) (ms) Runs Mean (secs) Std Dev (secs) b
TCP/IP | USYM | 1.00E-06 100003 1280 16 57.744 7.400 L=
TCP/IP | USYM | 1.00E-06 | 1000003 120 16 194.625 2.553 -
TCPAP | USYM | 1.00E-06 | 1000003 1280 16 355.813 21.389 _
TCP/IP | USYM 0.00001 997 120 16 0.521 1.005 -
TCP/IP | USYM 0.00001 997 1280 16 0.515 1.487 v
TCPIP | USYM | 0.00001 | 10007 120 16 3700 1.577 =
TCP/IP [ USYM | 0.00001 10007 1280 16 20935 20.968 >
TCP/IP_ | USYM | 0.00001 100003 120 16 30.925 2.596 _
TCP/IP_| USYM | 0.00001 100003 1280 16 83.744 11.778 v
TCP/IP | USYM | 0.00001 1000003 120 16 302.563 12.801 -
TCP/AP | USYM | 0.00001 1000003 1280 16 998.438 28.847 =
Channel Rate:

SYM —115,200 bps: 115,200 bps

USYM —115,200 bps:2400 bps
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P B. MEANS AND STANDARD DEVIATIONS OF SCPS-VJ FILE TIMES
~ OVER THE SGLS TEST-BED
w ,
- Protocol [Channel| BER File Size Delay | Runs | Transfer Time | Transfer Time
Rate (bytes) (rns) Means (secs) Std Dev (secs)
~ SCPS/V) | SYM 0 997 120 16 0.076 0.028
< SCPS/V] | SYM 0 997 | 1280 16 0.082 0.031
- SCPS/V] | SYM 0 10007 120 | 16 1.278 0.113
SCPS/VI | SYM 0 10007 1280 16 . 3.612 0.113
~ SCPS/V] | SYM 0 100003 120 16 12.321 1.988
< SCPS/V] { SYM 0 100003 1280 16 18.729 0.480
- SCPS/V] | SYM 0 1000003 120 16 94.823 1.528
SCPS/VI | SYM 0 1000003 1280 | 16 137.043 _ 17501
A SCPS/V) | SYM 1.00E-06 997 120 16 0.082 0.047
7 SCPS/VY | SYM 1.00E-06 997 | 1280 16 0.082 0.027
o/ SCPS/VJ | SYM 1.00E-06 10007 120 16 1.219 0.127
SCPS/VI | SYM 1.00E-06 10007 1280 16 3.829 0.609
~ SCPS/VI| SYM | 1.00E-06 | 100003 | 120 | 16 |  11.585 1.883
~ SCPS/VI | SYM 1.00E-06 100003 1280 16 23.929 4.223
o SCPS/VI| SYM | 1.00E-06 | 1000003 | 120 16 97.910 2.436
o SCPS/VJ | SYM 1.00E-06 1000003 1280 16 207.292 10.429
hd SCPS/VI | SYM 0.00001 997 120 16 0.167 0.241
& SCPS/VI | SYM 0.00001 997 1280 16 0435 0.943
i SCPS/VI | SYM 0.00001 10007 120 16 1.484 0.249
) SCPS/VI | SYM 0.00001 10007 1280 16 5.340 1.768
~ SCPS/VI | SYM 0.00001 100003 120 16 13.023 1.514
~ SCPS/VI | SYM 0.00001 100003 1280 16 51.649 4.716
_ SCPS/VI | SYM 0.00001 1000003 120 16 139.901 9.278
. SCPS/VI | SYM | 0.00001 | 1000003 1280 16 | 567.325 12.581
SCPS/V] | USYM 0 997 120 | 16 0.089 0.025
~ SCPS/VI | USYM 0 997 1280 16 | 0086 0.029
« SCPS/VI | USYM 0 10007 120 16 | 2255 0.120
w SCPS/V] [ USYM 0 10007 1280 16 4.231 0.082
SCPS/V] | USYM 0 100003 120 16 _17.022 0.381
h=4 SCPS/V] | USYM 0 100003 1280 16 24.205 1.878
= SCPS/VJ | USYM 0 1000003 120 |16 174.482 1.843
< SCPS/V] | USYM 0 1000003 1280 | 16 190.625 5.874
SCPS/V] | USYM | 1.00E-06 997 120 16 0.088 0.015
~ SCPS/V] | USYM | 1.00E-06 997 1280 16 ~0.081 0.019
L% SCPS/VI | USYM | 1.00E-06 10007 120 16 2.350 0.415
e SCPS/VI [ USYM | 1.00E-06 10007 1280 16 4.240 0.111
B SCPS/VI | USYM | 1.00E-06 | 100003 | 120 | 16 19.132 1.880
~ SCPS/V] | USYM | [.00E-06 100003 1280 16 29.338 5.949
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SYM —115,200 bps:115,200 bps

USYM —115,200 bps:2400 bps
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Channel File Size Delay Transfer Time | Transfer Time
Protocol Rate BER (bytes) (ms) [Runs| Mean (secs) Std Dev (secs)
SCPS/VI | USYM |1.00E-06] 1000003 120 16 192.331 2.018
SCPS/VI| USYM [1.00E-06| 1000003 1280 16 250.517 6.630
SCPS/V] USYM 0.00001 997 120 16 0.158 0.258
SCPS/VI | _USYM | 0.00001 997 1280 16 0.506 1.174
SCPS/VI | USYM | 0.00001 | 10007 120 16 2.840 0.886
SCPS/VI| USYM | 0.00001 10007 1280 16 6.046 1.619
SCPS/V) | USYM | 0.00001 100003 120 16 27.596 1.971
SCPS/VJ | USYM |0.00001 | 100003 1280 16 65.687 8.209
| SCPS/VI | USYM | 0.00001 1000003 120 16 274.758 4.998
SCPS/VI| USYM |0.00001 1000003 1280 16 669.597 9.756
Channel Rate:




C. MEANS AND STANDARD DEVIATIONS OF SCPS-VEGAS FILE
TIMES OVER THE SGLS TEST-BED

¢ ¢CCCCCCCCca(

Protocol [Channel| BER File Size Delay | Runs | Transfer Time | Transfer Time
Rate (bytes) (ms) Means (secs) Std Dev (secs)
SCPS/VG | SYM 0 997 120 16 0.078 0.027
SCPS/VG| SYM 0 997 1280 16 0.073 0.016
SCPS/VG | SYM 0 10007 120 16 1.442 0.163
SCPS/VG | SYM 0 10007 1280 16 6.074 0.152
= SCPS/VG| SYM 0 100003 120 16 10.190 0.546
S SCPS/VG| SYM 0 100003 1280 16 22.675 1.515
< SCPS/VG| SYM 0 1000003 120 16 95.351 1.755
SCPS/VG| SYM 0 1000003 1280 16 135.183 4.938
A SCPS/VG| SYM | 1.00E-06 997 120 16 0.078 0.013
- SCPS/VG| SYM | 1.00E-06 997 1280 16 0.084 0.024
o SCPS/VG| SYM | 1.00E-06 10007 120 16 1.568 0.071
SCPS/VG| SYM | 1.00E-06 10007 1280 16 6.086 0.109
A SCPS/VG| SYM | 1.00E-06 | 100003 120 16 11.052 1.156
s SCPS/VG| SYM | 1.00E-06 | 100003 | 1280 16 24.102 1.546
o SCPS/VG| SYM | 1.00E-06 | 1000003 | 120 16 | 97402 0.493
SCPS/VG| SYM | 1.00E-06 | 1000003 | 1280 16 162.009 4.692
~ SCPS/VG| SYM | 0.00001 997 120 16 0.109 0.102
- SCPS/VG| SYM | 0.00001 997 1280 | 16 0.603 1.119
- SCPS/VG| SYM | 0.00001 10007 120 16 1.789 0.269
SCPS/VG| SYM | 0.00001 10007 1280 16 7.351 2.240
~ SCPS/VG| SYM | 0.00001 100003 120 16 14.006 4317
= SCPS/VG| SYM | 0.00001 100003 | 1280 16 33.944 3.487
- SCPS/VG| SYM | 0.00001 | 1000003 | 120 16 117.240 3.682
SCPS/'VG| SYM | 0.00001 | 1000003 | 1280 16 267.870 12.830
g SCPS/VG | USYM 0 997 120 16 0.095 0.016
€ SCPS/VG | USYM 0 997 1280 16 0.078 0.022
< SCPS/VG | USYM 0 10007 120 16 2.814 0.140
SCPS/VG | USYM 0 10007 1280 16 7.199 0.072
< SCPS/VG | USYM 0 100003 120 16 | 18976 0.593
= SCPS/VG | USYM 0 100003 1280 16 27.754_ 0.662
g SCPS/VG | USYM 0 1000003 | 120 16 177.758 4.026
SCPS/VG | USYM 0 1000003 1280 16 193.112 4.967
=~ SCPS/VG | USYM | 1.00E-06 997 120 16 0.159 0.291
- SCPS/VG | USYM | 1.00E-06 997 1280 16 0.068 0.016
< SCPS/VG | USYM | 1.00E-06 10007 120 16 2.867 0.222
SCPS/VG | USYM | 1.00E-06 10007 1280 16 | 7245 0.182
B SCPS/VG | USYM | 1.00E-06 | 100003 120 16 20.027 1.279
(= SCPS/VG| USYM | 1.00E-06 | 100003 | 1280 16 29.958 2.119
< SCPS/VG| USYM | 1.00E-06 | 1000003 120 16 189.916 3.984
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Delay

Channel File Size Transfer Time | Transfer Time
Protocol Rate BER | (bytes) (ms) |Runs| Mean (secs) Std Dev (secs)
SCPS/VG USYM 1.00E-06| 1000003 1280 16 223.997 5.509
SCPS/VG USYM 0.00001 997 120 16 0.396 1.218
SCPS/VG USYM 0.00001 997 1280 16 0.495 1.196
SCPS/VG USYM 0.00001 10007 120 16 3.422 0.960
SCPS/VG USYM 0.00001 10007 1280 16 8.872 2.070
SCPS/VG USYM 0.00001 | 100003 120 16 28.595 1.550
SCPS/VG USYM 0.00001 | 100003 1280 16 40.146 2.090
SCPS/VG USYM 0.00001 | 1000003 120 16 261.204 5.235
SCPS/VG USYM 0.00001 | 1000003 1280 16 348.515 13.598

SCPS/VG — Protocol SCPS-Vegas

Channel Rate:

SYM —115,200 bps:115,200 bps

USYM —115,200 bps:2400 bps
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D. MEANS AND STANDARD DEVIATIONS OF 'PROTOCOL FILE

C CCCC(

TIMES OVER SATELLIE LINK
U
" Protocol | Channel | BER | File Size | Delay Runs | Transfer Time | Transfer Time
o Rate (bytes) {ms) Mean (secs) | Std Dev (secs
~ TCP/IP 1152 0 997 120 16 0.075 0.011
=4 TCP/IP 1152 0 10007 120 16 1.307 0.013
\_; TCP/IP 1152 0 100003 120 | 16 8.750 0.016
TCP/IP 1152 0 | 1000003 | 120 16 75.900 0.000
~ TCPIP | 4Mbps | 0 997 120 16 0.005 0.000
~ TCP/IP 4Mbps 0 10007 120 16 0.555 0.001
“ TCP/IP 4Mbps 0 100003 120 16 3.282 0.009
L TCP/IP 4Mbps 0 | 1000003 120 16 6.591 0.024
~ TCP/IP 576 0 997 | 120 16 0.003 0.003
~ TCP/IP 576 0 10007 | 120 16 0.718 0.008
e TCP/IP 576 0 100003 120 16 4246 0.005
< TCP/IP 576 0 [ 1000003 120 16 8.474 0.030
SCPS/VJ 1152 0 997 120 16 0.073 0.006
~ SCPS/VJ 1152 0 10007 120 16 1.337 0.011
w SCPS/V] 1152 0 100003 120 16 8.486 0.024
< SCPS/VJ 1152 0 | 1000003 120 16 75.687 0.017
SCPS/V] | 4Mbps 0 997 120 16 0.003 0.001
& SCPS/V] | 4Mbps 0 10007 120 16 0.741 0.011
e SCPS/V] | 4Mbps 0 100003 120 16 3.066 0.086
< SCPS/V] | 4Mbps 0 | 1000003 120 | 16 6.386 0.091
SCPS/VI] 576 0 997 120 16 0.002 0.001
& SCPS/VJ 576 0 10007 120 16 0.913 0.003
w SCPS/VJ 576 0 100003 120 16 3.766 0.004
< SCPS/VJ 576 0 | 1000003 | 120 16 7.892 0.054
e SCPSVG | 1152 0 997 120 | 16 0.074 0.008
V SCPS/VG | 1152 0 10007 120 16 1.942 0.015
o SCPS/VG | 1152 0 100003 120 16 9.180 0.014
B, SCPS/VG 1152 0 | 1000003 120 | 16 76.417 0.197
SCPS/VG | 4Mbps 0 997 120 16 0.004 0.000
~ SCPS/VG | 4Mbps 0 10007 | 120 16 1.093 0.000
N SCPS/VG | 4Mbps 0 100003 120 | 16 3.833 0.006
- SCPS/VG | 4Mbps 0 | 1000003 120 | 16 7.491 0.003
_____ B SCPS/VG 576 0 997 120 16 0.003 0.002
e SCPS/VG 576 0 10007 120 16 1.402 0.004
w SCPS/VG 576 0 100003 | 120 16 4.915 0.003
< SCPS/VG 576 0 | 1000003 | 120 16 9.631 0.007
178
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SCPS/VG — Protocol SCPS-Vegas |

Channel Rate:
1152 —115,200 bps:115,200 bps
4 Mbps — 4 Mbps:4 Mbps

576 — 4 Mbps:57,600 bps
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